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Preface 
 
This thesis is presented as a series of three experimental chapters. 
Chapter 2 was accepted and published in Biology Letters (Kern et al. 
2015), while Chapter 3 and Chapter 4 have been prepared for future 
submission to peer-reviewed journals. It is therefore not a thesis by 
publication but a standard thesis with experimental chapters written in 
manuscript format (and repetition of concepts in the introductions of 
individual experimental chapters is kept to a minimum). The thesis also 
contains an introduction (Chapter 1), including an extensive literature 
review and an aims and hypothesis section. The thesis finishes with a 
discussion chapter (Chapter 5) that summarises the findings of the 
research, discusses its limitations, includes questions that were not 
answered in experimental chapters and an outlook part with ideas and 
hypotheses for future research. The appendix of the thesis contains all 
the supplementary tables and figures. 
I am the main author of all chapters. I conceptualised and designed all 
experiments with my supervisory panel, Assoc. Prof Markus Riegler 
(Principal supervisor) and Prof James Cook (Co-supervisor). With the 
exception of the execution of the rearing experiment and microscopy 
analysis, performed by Dr Daisuke Kageyama as part of chapter 2, I 
performed all the experimental laboratory work and data analysis, and 
I wrote the individual chapters with contributions and advice of my 
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supervisory panel. Field collections were mostly undertaken by myself, 
the primary supervisor as well as Dr Darrell Kemp (who will be co-
author of Chapter 3).  
 
The thesis structure is as below: 
Chapter 1: General Introduction 
Chapter 2: Double trouble: combined action of meiotic drive and 
Wolbachia feminisation in Eurema butterflies. Published as 
Peter Kern, James M. Cook, Daisuke Kageyama, Markus Riegler (2015) 
Biology Letters, 11 (5) 20150095. Supplemental tables and figures are 
embedded in Appendix A. The published version of the paper is 
embedded in Appendix D. 
Chapter 3: Influence of Wolbachia on the genetic diversity of infected 
Eurema hecabe in contrast with uninfected Eurema smilax in Australia. 
Manuscript in preparation for submission to a peer-reviewed journal 
as Kern, P., Kemp, D. J., Cook, J. M. and Riegler, M. “Influence of 
Wolbachia on the genetic diversity of the Australian butterflies Eurema 
hecabe and Eurema smilax”. Supplemental tables and figures are 
embedded in Appendix B. 
Chapter 4: Comparison of mitochondrial, nuclear and Wolbachia genes 
of Australian Eurema butterfly species demonstrates high incidence of 
horizontal endosymbiont transmission. Manuscript in preparation for 
submission to a peer-reviewed journal as Kern, P., Cook, J. M. and 
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Riegler, M. “Comparison of mitochondria, nuclear and Wolbachia genes 
of Australian Eurema shows high incidence of horizontal endosymbiont 
transmission”. Supplemental tables and figures are embedded in 
Appendix C. 
Chapter 5: General Discussion. 
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Abstract 
 
Many insect species are infected with endosymbiotic bacteria that live 
in the cytoplasm of their host cells. Most of these bacteria are 
maternally inherited and can manipulate reproduction of their insect 
hosts by inducing cytoplasmic incompatibility (CI), thelytokous 
parthenogenesis, male killing and feminisation, and some of these 
manipulations distort the sex ratio of their hosts.  
This PhD research studied Wolbachia infections in Eurema butterflies 
(Lepidoptera: Pieridae), the effects of Wolbachia on their sex 
determination system, and the effects on gene flow and genetic 
diversity across different Eurema species in Australia. The genus 
Eurema was chosen because Wolbachia had previously been identified 
in three species of this genus. In two species, E. hecabe and E. 
mandarina, Wolbachia induced CI and feminisation. CI is caused by the 
wCI strain and feminisation by the wFem strain. Both species are two 
out of only three known examples of Wolbachia caused feminisation in 
insects. Prior to this study details about the feminisation mechanisms 
were unknown except that it was expected that Wolbachia changes 
homogametic (ZZ) males into functional females that do not possess 
the female sex chromosome (W) found in uninfected heterogametic ZW 
females. It was also unknown whether Australian E. hecabe and other 
Australian Eurema species are infected with the feminising or any other 
Wolbachia strains (with the exception of previous preliminary and 
XXV 
 
unpublished work on E. hecabe). Australia is home to six Eurema 
species of the two subgenera Terias and Eurema. In response to the 
Australian climate with seasonal and often unpredictable rainfall, these 
Australian Eurema species evolved different adaptation strategies such 
as reproductive diapause and migration behaviour.  
Chapter 1 of the PhD thesis provides an introduction to selfish genetic 
elements and endosymbionts of insects, and in more detail, to the 
reproductive manipulations of Wolbachia. It introduces essential 
background information about sex determination in Lepidoptera and 
about the biology of Eurema species. It also includes a section with the 
research scope and aims of this thesis. 
Chapter 2 provides first evidence for an interaction of meiotic drive 
(MD) as another sex distorting mechanism, and Wolbachia feminisation 
in Eurema mandarina. For this, a new molecular quantitative PCR (qPCR) 
sexing technique was developed to assess Z versus autosomal gene 
dose ratio. This technique successfully identified the sex in three 
Eurema species. Unexpectedly wFem infected females of sex-biased 
populations had only one Z chromosome, and not the expected two Z 
chromosomes. A pedigree approach that tested inheritance of Z alleles 
demonstrated that that this single Z chromosome was only paternally 
inherited. This indicated a MD drive mechanism that excludes the 
maternal inheritance of the Z chromosome. This study is the first to 
demonstrate an interaction between MD and Wolbachia feminisation 
and highlights endosymbionts as potentially confounding factors in 
XXVI 
 
meiotic drive of sex chromosomes. It also highlights a higher than 
expected complexity of reproductive manipulations in Eurema 
butterflies, and, in general, Wolbachia may cause MD in other hosts. 
Chapter 3 details the incidence and prevalence of Wolbachia in 
Australian E. hecabe throughout its distribution. All individuals were 
found to be singly infected with the wCI strain whilst the wFem strain 
was absent. In comparison all individuals of Australian E. smilax were 
uninfected. Unexpectedly, mtDNA diversity of E. hecabe was not 
reduced compared to its nuDNA diversity, but it was still lower in 
Australian than in Indian E. hecabe (as deposited in GenBank). This later 
finding might be due to a lower prevalence of Wolbachia in Indian E. 
hecabe. In contrast, uninfected E. smilax had lower mtDNA diversity 
than E. hecabe and displayed signs for purifying selection. As 
Wolbachia does not impact nuDNA diversity, nuDNA was similar in both 
species 
Chapter 4 presents results of a Wolbachia survey of six of all seven 
Australian Eurema species. Infections were detected in five species, one 
species (E. herla) had only one infected specimen, and another species 
(E. smilax) was uninfected; individuals of E. alitha, E. hecabe and E. 
laeta, and one single individual of E. brigitta were infected with wCI, 
while two other E. brigitta individuals were infected with a second 
strain. This indicates extensive horizontal transfer (HT) events between 
these species. Individuals were further analysed for their mtDNA and 
nuDNA sequences in order to discern HT from hybridisation and 
XXVII 
 
introgression. Shared Wolbachia in absence of shared mtDNA 
suggested several recent HT events between these infected species. It 
also appeared that more of this HT was explained through species 
interactions at higher trophic levels (e.g. parasitoids) rather than 
interactions with host plants. Across all Eurema species, the mtDNA 
diversity was lower in Wolbachia infected species. Interestingly, nuDNA 
diversity was higher in species that do not migrate but display a 
reproductive diapause. Phylogenetic analysis of the mtDNA and nuDNA 
and the phylogenetic placement of the Australian Eurema species 
within the genus Eurema also indicated that a taxonomic revision of 
this genus will be required in the future. 
Finally, chapter 5 provides an overview of the key findings of the thesis 
in the framework of the wider research field and outlines future 
research questions and directions. Overall, the findings of this study 
provide (a) an entirely new functional understanding about how 
Wolbachia induces female-biased sex ratios in E. mandarina and 
questions the understanding of the Wolbachia feminisation in general 
(b) the development of a molecular sexing technique for Lepidoptera; 
(c) a survey for Wolbachia infections that contrasts different 
mechanisms of HT in Eurema communities as either host-plant 
dependent or parasitoid driven, (d) an improved understanding how 
Wolbachia, migration behaviour and reproductive diapause affects 
genetic diversity of mtDNA and nuDNA genes; (e) an improved 
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interpretation of the phylogenetic placement of Australian Eurema 
within the genus Eurema. 
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 1. Chapter 1 
General Introduction 
 
 “If it could be proved that any part of the structure of any one 
species had been formed for the exclusive good of another species, it 
would annihilate my theory, for such could not have been produced 
through natural selection”  
Charles Darwin (Darwin, 1859) - On the Origin of Species 
 
“Nothing in biology makes sense except in the light of evolution”  
Theodosius Dobzhansky (1973)  
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Selfish genetic elements (SGEs) are defined as elements that enhance 
their own transmission relative to their host genome and are neutral or 
detrimental to their host organisms (Werren et al., 1988). Examples of 
SGEs are transposable elements (TEs), meiotic drivers, B chromosomes, 
post-segregation distorters and cytoplasmic elements such as 
endosymbiotic bacteria (Werren, 2011). Cytoplasmic elements are 
particularly intriguing, with their ability to manipulate host 
reproduction. Their inheritance patterns are different from nuclear 
genes and this can cause genetic conflicts. These can include conflicts 
over sex determination, an important factor in the evolution of sex 
determination systems (Werren, 2011; Werren & Beukeboom, 1998) 
and an evolutionary driving force for new sex determination systems 
(Burt & Trivers, 2006).  
The uniparental transmission of mitochondria and maternally 
transmitted microbial endosymbionts are in perfect linkage, but means 
that male sex is an evolutionary dead end for SGEs (Perlman et al., 
2015). As endosymbionts are mainly transmitted by females and not 
males, the evolution of these elements has resulted in different 
strategies that manipulate host reproduction to increase reproductive 
fitness of infected females, so that the number of daughters carrying 
these elements increase (Werren et al., 2008; Werren & Beukeboom, 
1998).  
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Insects are one of the most diverse animal groups with an estimated 
5.5 million species (Stork et al., 2015) and many of these species are 
associated with a variety of microbial symbionts. The type of 
relationships between these microbial symbionts and their insect hosts 
range from mutualism (beneficial to host and symbiont) to parasitism 
(detrimental to host while beneficial to symbiont). From the host 
perspective these relationships can be either facultative (not 
dependent) or obligate (dependent) (Zug & Hammerstein, 2014). Some 
microbial symbionts live intracellularly, and are maternally inherited 
through the egg cytoplasm but lost from the sperm during 
spermatogenesis. For such maternally inherited endosymbionts males 
are considered an evolutionary dead end, which has resulted in the 
variety of mechanisms that increase production of infected females 
(Bordenstein & Werren, 2000). Many endosymbionts, such as 
Wolbachia, Cardinium, Spiroplasma, Arsenophonus and Rickettsia 
bacteria, as well as microsporidia and viruses are known to influence 
their host’s reproduction by inducing cytoplasmic incompatibility (CI), 
thelytokous parthenogenesis, male-killing (MK) and feminisation 
(Kageyama et al., 2012; Werren et al., 2008).  Other host effects of 
endosymbionts range from nutrient provisioning, virus resistance and 
protection, decrease of effective population size and reproductive 
isolation resulting in speciation (Werren et al., 2008; Zug & 
Hammerstein, 2014). 
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Endosymbionts can also have genetic impacts on host populations, for 
example endosymbiont-induced CI can act as a reproductive barrier 
resulting in diverging populations, and promote speciation (Werren et 
al., 2008). Reproductive parasites are co-transmitted and in linkage 
disequilibrium with the host’s mitochondrial DNA (mtDNA). During the 
spread of a symbiont in a population, the mtDNA haplotype of the 
initial infection will hitchhike trough the population, change its 
frequency and reduce the frequency of unlinked haplotypes. 
Depending on the number of endosymbionts and the infection history 
in a host species, reduced or increased host mtDNA diversity have been 
observed as a consequence of endosymbiont sweeps (Hurst & Jiggins, 
2005). 
 
1.3 The biology of Wolbachia 
The obligatory intracellular symbiont Wolbachia belongs to the 
Alphaproteobacteria and is commonly found in arthropods, as well as 
in filarial nematodes (Stouthamer et al., 1999; Werren, 1997; Werren et 
al., 2008). The genus Wolbachia was first described in the mosquito 
Culex pipiens (Diptera) and was named Wolbachia pipientis (Hertig, 
1936; Hertig & Wolbach, 1924). Wolbachia has been found in a wide 
range of host species and is estimated to infect anywhere from 40% 
(Zug & Hammerstein, 2012) to 52% of all terrestrial arthropod species 
(Weinert et al., 2015). Wolbachia is an intracellular bacterium and 
localised within vacuoles in the cytoplasm inside host cells (Schneider 
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et al., 2011). Similar to the maternal inheritance of mitochondria, 
Wolbachia is vertically, transovarially transmitted through the 
cytoplasm into the host egg. Wolbachia strains can be clustered into 
16 supergroups (A-Q) (Glowska et al., 2015; O'Neill et al., 1992; Ros 
et al., 2009; Werren et al., 1995; Zhou et al., 1998). 
This bacterium has attracted a large research interest because of the 
reproductive manipulations it can impose on hosts to favour its own 
dispersal (Riegler & O’Neill, 2006; Werren, 1997; Werren et al., 2008). 
Wolbachia is therefore considered as a reproductive parasite. The 
reproductive manipulations (Figure 1.1) include CI, thelytokous 
parthenogenesis, MK and feminisation (Duron et al., 2008; 
Engelstadter & Hurst, 2009; Werren et al., 2008). These reproductive 
manipulations favour the reproductive fitness of Wolbachia infected 
females over uninfected females, and thus result in an increased ratio 
of infected to uninfected offspring in populations (Werren et al., 2008). 
Additionally, Wolbachia may also influence the biology and physiology 
of its hosts, such has been seen in the parasitoid wasp Asobara tabida 
that has become completely dependent on Wolbachia for oogenesis 
and thus its reproduction (Kremer et al., 2012). 
The application of Wolbachia has also been considered as a biological 
control agent in the Incompatible Insect Technique (IIT) where the CI 
induced by Wolbachia can suppress populations of insect pests and 
disease vectors (Zabalou et al., 2004). 
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1.3.1 Cytoplasmic incompatibility (CI) 
Wolbachia-induced CI is a post-zygotic mating incompatibility of 
infected males with uninfected females, or with females which harbour 
a different, incompatible Wolbachia strain. This results in a low egg 
hatching rate in diplodiploid host species (Mercot et al., 1995; O'Neill 
& Karr, 1990), or, in haplodiploid species, in female mortality or a 
conversion of fertilised eggs into haploid male offspring (Vavre et al., 
2003). The exact molecular mechanism of CI is unknown but Wolbachia 
presence in males results in a sperm modification during 
spermatogenesis that is rescued in embryos containing compatible 
Wolbachia, resulting in normal embryonic development, whereas 
absence of compatible Wolbachia in fertilised eggs results in embryonic 
mortality (Werren, 1997). 
Crosses between individuals with two or more different Wolbachia 
strains can be impacted by different modification-rescue mechanisms 
(Werren et al., 2008). Bidirectional CI occurs between differently 
infected individuals when the modification of one Wolbachia strain 
cannot be rescued by the other strain. Unidirectional incompatibility 
occurs in crosses of infected males (or infected by n strains) with 
uninfected females (or females infected by n-1 strains) (Zabalou et al., 
2008). An example for bidirectional CI was detected between three 
closely related Nasonia species where this reproductive manipulation 
enforces reproductive isolation (Bordenstein et al., 2001). Thus, 
bidirectional CI can act as a post-zygotic barrier between populations 
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with different infection status, potentially reducing the gene flow and 
causing reproductive isolation and speciation (Bordenstein & Werren, 
2007). Conversely, without barriers to gene flow, unidirectional CI 
infections can spread rapidly and lead to fixation of the infection in 
populations over subsequent generations (Turelli & Hoffmann, 1991). 
 
1.3.2 Thelytokous parthenogenesis 
Parthenogenesis is defined as a form of asexual reproduction without 
the need for male fertilization. Wolbachia-induced female 
parthenogenesis (thelytoky) has only been documented in haplodiploid 
species that in the absence of Wolbachia would have arrhenotokous 
development (in which males develop from unfertilized eggs). 
Wolbachia-induced thelytoky has been detected in wasps (Stouthamer 
et al., 1990),  mites (Weeks et al., 2001) a nd thrips (Arakaki et al., 
2001). Instead of producing sons from unfertilized eggs, infected 
females produce daughters without fertilisation. Wolbachia-induced 
parthenogenesis is caused by automictic gamete duplication during 
early embryonic development, which results in diploid development of 
unfertilized eggs (thelytoky). As Wolbachia are transovarially 
transmitted, the sex ratio within populations is thus shifted towards 
females, and populations can exclusively consist of females (Werren et 
al., 2008). 
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1.3.3 Male-killing  
Wolbachia can also have the ability to kill male offspring of infected 
females so they produce only female offspring. Male-killing Wolbachia 
has been found in the insect orders Coleoptera (Hurst et al., 1999), 
Diptera (Hurst et al., 2000) and Lepidoptera (Hornett et al., 2006; 
Jaenike et al., 2003; Jiggins et al., 2000a; Sakamoto et al., 2011).  
Besides Wolbachia, male-killing in insects can also be induced by other 
bacteria such as Rickettsia, Arsenophonus nasoniae, Spiroplasma 
ixodetis, Spiroplasma poulsonii and Flavobacteria (Kageyama et al., 
2012; O'Neill et al., 1997), as well as by several eukaryotic 
microsporidia, and viruses (Hoshino et al., 2008; Hurst, 1991; 
Morimoto et al., 2001; Nakanishi et al., 2008). 
Male-killing can be divided into two categories according to its timing. 
In “early male-killing”, male death occurs during the embryonic stage, 
whereas “late male-killing” occurs during larval development, typically 
in a later larval instar (Charlat et al., 2007a; Hurst, 1991). 
Male-killing has been reported in the butterfly Hypolimnas bolina 
(Lepidoptera: Nymphalidae) (Charlat et al., 2005; Dyson et al., 2002). 
In this species extreme female-biased sex ratios have been maintained 
in island populations for over 100 years (Dyson & Hurst, 2004). 
However, a host genetic resistance factor to Wolbachia-induced MK 
was found in some populations of H. bolina from where it then rapidly 
spread returning equal sex ratios to some of these island populations 
(Hornett et al., 2006). For example, a rapid switch was reported for a 
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Polynesian population from a male: female ratio of 1:100 to 1:1 within 
1 year (Charlat et al., 2007b). 
In the moth Ostrinia scapulalis (Lepidoptera: Crambidae), Wolbachia 
induces MK during larval development. Curing the Wolbachia infection 
of O. scapulalis by antibiotic treatment led to female killing, whilst the 
males stayed viable, and this is unusual for MK Wolbachia (Kageyama 
& Traut, 2004; Sakamoto et al., 2008). The shift of MK to female-killing 
upon removal of the Wolbachia infection suggests that Wolbachia acts 
on the sex-specific gene expression and sexual development of the 
host (Sugimoto & Ishikawa, 2012). The study found that infected males 
exhibited female-specific splicing of the sex-determination master 
switch gene doublesex (dsx) and later died. This means that Wolbachia 
either directly interferes with dsx or with a gene upstream of this 
important sex-determination gene. For the closely related species 
O. furnacalis it was recently shown that Wolbachia is targeting an 
upstream gene called Masculinizer (Masc) which is required for 
masculinization and dosage compensation to realise MK in this species 
(Fukui et al., 2015). 
 
1.3.4 Feminisation 
Wolbachia can also be responsible for changing genetic males into 
functional females (O'Neill et al., 1997). This form of reproductive 
manipulation is much rarer than the aforementioned reproductive 
manipulations.  
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In crustaceans, Wolbachia-induced feminisation was found in the 
terrestrial isopod species Armadillidium vulgare (Chevalier et al., 2012; 
Moreau et al., 2001; Rousset et al., 1992). Here, Wolbachia has an 
inhibiting effect on the androgenic gland during post-embryonic 
sexual development, effectively preventing the synthesis of the male 
development-inducing hormone, androgen. Without the androgenic 
hormone, individuals with a male genotype will develop into functional 
females (Bouchon et al., 2008; Cordaux et al., 2011; Rigaud, 1997).  
Feminisation also occurs in insects, but as insects do not possess 
androgenic glands and hormones, the mechanisms leading to 
feminisation is expected to be different. In insects, Wolbachia-induced 
feminisation has only been found in the butterflies Eurema hecabe and 
Eurema mandarina (Lepidoptera: Pieridae) (Hiroki et al., 2002; Hiroki et 
al., 2004; Narita et al., 2011; Narita et al., 2007a) and the leafhopper 
Zyginidia pullula (Hemiptera: Cicadellidae) (Negri et al., 2006).  
The grass-dwelling European leafhopper Z. pullula has a XX/X0 sex-
determination system with XX females and X0 males. Here, Wolbachia 
is suspected to affect the expression of genes involved in sex 
differentiation and development, leading to feminisation of genetic 
males. This effect has shown to be dependent on Wolbachia density 
within host cells (Negri et al., 2009; Negri et al., 2006). 
Eurema mandarina has a WZ/ZZ sex-determination system, with WZ 
females and ZZ males, like most Lepidoptera (Traut et al., 2007). In E. 
mandarina, Wolbachia has a continuous feminising effect throughout 
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larval development (Narita et al., 2007a). The molecular mechanisms 
that mediate Wolbachia induced feminisation are still unknown.  
Wolbachia in both E. hecabe and O. scapulalis appear to have an a 
feminising effect on females, with the difference that in O. scapulalis 
feminised genetic males die during larval development (therefore its 
categorisation as MK), whilst in E. hecabe feminised individuals remain 
fully viable as phenotypic females. To date, it has not been investigated 
in either species as to whether Wolbachia interferes with the sex-
specific splicing of dsx or another gene upstream of dsx within the 
sex-determining pathway (Kageyama et al., 2012; Sugimoto et al., 
2010; Sugimoto & Ishikawa, 2012; Traut et al., 2007). 
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Figure 1.1 Diagram of the four distinct reproductive phenotypes caused by Wolbachia in different arthropods. Source: (Werren et al., 2008). 
 
13 
 
1.3.5 Effects of Wolbachia on insect sex determination 
Endosymbionts as well as other SGEs causing nucleo-cytoplasmic 
conflicts and conflicts over sex allocation can lead to changes in sex-
determination systems (Beukeboom, 2012; Cordaux et al., 2011; 
Werren, 2011). Endosymbionts can actively manipulate host sex 
determination at different levels of their host sex determination 
cascades (Beukeboom, 2012). Wolbachia has been shown to cause 
changes to chromosome behaviour and to interfere with the primary 
signal of sex determination (Ma et al., 2014). With their large effects 
on host reproductive biology, sex-ratio distorting Wolbachia have a 
strong effect on host evolution.  
In Drosophila bifasciata  MK Wolbachia causes chromatin modifications 
and disturbs the assembly of the meiotic spindle and chromosome 
behaviour (Riparbelli et al., 2012). Wolbachia was also responsible for 
asymmetric segregation of damaged paternal chromosomes in Nasonia 
wasps (Tram et al., 2006). This shows that Wolbachia is already active 
during pre-fertilization events. 
A similar feminisation mechanism by interaction with the dsx gene as 
seen in O. scapulalis (Sugimoto & Ishikawa, 2012) has been proposed 
for E. mandarina (Kageyama et al., 2012) but has not yet been proven. 
A manipulation at the top level of sex determination could be possible, 
via interference with the newly discovered a piwi-interacting RNA 
(piRNA) female factor in the silkworm, Bombyx mori (Kiuchi et al., 
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2014), especially as Wolbachia has been shown to manipulate host 
piRNA machinery in the mosquito Aedes aegypti (Mayoral et al., 2014).  
In another host, Culex pipiens, CI Wolbachia regulates the transcription 
of a gene that interferes with the female meiotic cell cycle, resulting in 
aberrant chromosomal segregation (Pinto et al., 2013). This 
demonstrates the general ability of Wolbachia to influence female 
meiosis. Whilst it has not yet been demonstrated that symbiotic 
microorganism are able to induce meiotic drive, it has been suggested 
that it is most likely to occur in a female heterogametic system such as 
in Lepidoptera. There, the chromosomal constitution of the embryo 
could be manipulated by altering segregation of the sex chromosomes 
in the heterogametic sex by a symbiont (Beukeboom, 2012). 
Nevertheless, meiotic drive has not been demonstrated for a 
Lepidoptera species yet, and, in invertebrates, has only been 
documented in Diptera (Jiggins et al., 1999). 
 
1.3.6 Horizontal Wolbachia transmission 
Despite the vertical transmission of Wolbachia through the maternal 
line of its host populations, phylogenetic studies showed that similar 
strains could also be found in phylogenetically different host taxa 
(Baldo et al., 2006a; Cordaux et al., 2011). This disagreement of 
phylogenetic relationships between host and Wolbachia suggests that 
horizontal transmission (HT) can occur (Baldo et al., 2008). Besides this 
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HT between species it has also been demonstrated that HT can occur 
within species, from one mitochondrial lineage into others, therefore 
upsetting the linkage disequilibrium between Wolbachia and 
mitochondria (Hurst & Jiggins, 2005; Turelli et al., 1992). 
For a successful transmission from an infected to a new host, 
Wolbachia has to pass several ecological filters to establish itself within 
the new host (Combes, 2001; Riegler et al., 2004; Vavre et al., 2003). 
The basis of HT is a close interaction between the infected species and 
the new host. After the initial transmission, Wolbachia has to adjust to 
the different cellular environment of the new host. To ensure a strong 
vertical transmission, Wolbachia has to infect its hosts’ germline, for 
example via the somatic stem cell niche (Frydman et al., 2006). To 
invade and maintain itself in the new host population, Wolbachia must 
provide a reproductive advantage for infected females (such as a strong 
CI effect) or fitness benefits (Turelli & Hoffmann, 1995). 
Confirmed observations of horizontal Wolbachia transfer have rarely 
been documented. Even when horizontal transfer was achieved, 
Wolbachia often fails to establish itself in the new host and was seen 
to be lost after several generations (Heath et al., 1999; Huigens et al., 
2004). Wolbachia transinfection experiments, via microinjection into 
eggs or ingestion by adults, were demonstrably more successful 
among closely related species (Boyle et al., 1993) and genera (Zabalou 
et al., 2004) than between families (Braig et al., 1998; McMeniman et 
al., 2008; Riegler et al., 2004). These findings suggest that Wolbachia 
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transmission between species occurs more frequently between closer 
related species (i.e. genus level), and is less common between more 
distantly related species, e.g. different insect orders (Jiggins et al., 
2002; Zug et al., 2012) across different trophic levels (Chiel et al., 
2014). This could be related to the preadaptation of cytoplasmic 
Wolbachia to the nuclear background of the host (Heath et al., 1999; 
Vavre et al., 1999). 
HT events can be mediated via habitat sharing during the larval 
development. This can either occur by sharing the same food source 
(Sintupachee et al., 2006) or cannibalism which has been seen in 
terrestrial isopods (Le Clec’h et al., 2013). Horizontal Wolbachia 
transmissions can also be mediated by vector species as parasitoids, 
which can transmit a Wolbachia strain between species that may not 
interact due to different host plant and habitat preference. Other ways 
for Wolbachia to move between species are hybrid introgression 
between closely related species. Similar Wolbachia strains can also be 
found in closely related species due to co-divergence of Wolbachia 
together with their hosts, although this appears to be more rarely 
observed (Raychoudhury et al., 2009). The history and avenues of HT 
can be analysed by contrasting Wolbachia phylogenies with host 
nuclear and mtDNA phylogenies. Species hybridizations would lead to 
shared mitochondrial lineages between different species. Co-
divergence of Wolbachia during speciation of the host can be traced by 
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comparing phylogenies of the host with Wolbachia phylogenies (Bandi 
et al., 1998). 
 
1.3.7 Wolbachia effects other than manipulation of 
reproduction 
In some host insects Wolbachia is essential for reproduction, such as 
for oogenesis in the parasitoid wasp Asobara tabida; aposymbiotic 
females of this host species are unable to produce viable offspring 
(Dedeine et al., 2001). Wolbachia can also provide its host with 
nutritional benefits, and an example for this was demonstrated in 
Wolbachia-infected Drosophila melanogaster that produced more 
offspring when reared on iron-restricted or -overloaded diets than its 
uninfected counterpart (Brownlie et al., 2009). In the bedbug Cimex 
lectularius, Wolbachia has an essential nutritional role for the host and 
supplies essential B vitamins; absence leads to retarded growth and 
sterility (Hosokawa et al., 2010). It has been proposed that Wolbachia  
may be involved in the iron metabolism of their hosts (Gill et al., 2014; 
Kremer et al., 2009). It has been shown that the virus blocking ability 
of the Wolbachia in Drosophila melanogaster  is linked to cholesterol 
competition (Caragata et al., 2013).In Phyllonorycter blancardella, a 
leaf-mining moth, Wolbachia is involved in the production of plant 
cytokinin in order to delay leaf senescence and extend leaf tissue 
availability to the host herbivore (Kaiser et al., 2010). Furthermore, 
Wolbachia has been shown to enhance resistance to pathogens; for 
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example, in D. melanogaster, Wolbachia provides antiviral protection 
against a range of RNA viruses (Chrostek et al., 2013; Hedges et al., 
2008; Osborne et al., 2012; Teixeira et al., 2008). Wolbachia may also 
interact with immune gene expression to ensure its persistence within 
the host, and may globally influence the biology and physiology of its 
hosts with potential unprecedented effects on the evolution of their life 
history (Kremer et al., 2012). 
 
1.4 Sex determination of Lepidoptera 
Insects have an immense variety of different sex determination 
systems. Most sex determination mechanisms can be classified as 
primarily genetic (GSD) or environmental (ESD), but in some cases the 
two mechanisms may interact (Cook, 2002). The majority of insects 
have GSD, where sex is determined through a cascade of genes that 
regulate each other hierarchically. The top level in chromosomal sex 
determination is the chromosomal constitution which can be either 
female heterogamety (female-male: WZ/ZZ or Z0/ZZ), male 
heterogamety (XX/XY or XX/X0), or haplodiploidy (female-male: 2n-
1n).  
Lepidoptera are diplodiploid insects with female heterogamety, i.e. 
females are WZ or 0Z while males are ZZ. In species with WZ females, 
the maternally inherited W chromosome is thought to encode the 
primary signal for female development (Traut et al., 2007). The W 
chromosome is mainly composed of retrotransposons which are the 
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main structural components of this chromosome in B. mori (Marec et 
al., 2010). The only transcripts to be produced from the W chromosome 
were found to be PIWI-interacting RNAs (piRNA), small RNAs with an 
inhibiting effect on transposons (Kawaoka et al., 2011).  
The dsx gene is the master switch of sex-determination gene cascade 
in many insects (including in Drosophila, albeit there are other genes 
upstream of it). It is highly conserved across different lineages of 
insects (Verhulst et al., 2010). Sex-specific splicing of the dsx gene 
controls the sexual differentiation of males and females (Beukeboom, 
2012). Bmdsx, the dsx orthologue of B. mori produces female- and 
male-specific RNAs by sex-specific alternative splicing (Ohbayashi et 
al., 2001; Suzuki et al., 2001). The sex-determining factor controlling 
the alternative splicing of Bmdsx has only recently been discovered 
(Kiuchi et al., 2014) and found to be a W-specific PIWI-interacting RNA 
(piRNA), Fem piRNA. This gene actively downregulates expression 
levels (Figure 1.2) of the Z-linked Masculinizer (Masc) gene and results 
in the female Bmdsx isoform by default (Whitworth & Oliver, 2014). In 
Z0/ZZ systems different dosage of Masc may determine sex (Kiuchi et 
al., 2014). 
This is the first sex determination system where a single piRNA, rather 
than a protein, has been identified as a female determinant, inducing 
the female pathway, while the male pathway is default. Yet it is 
uncertain if other Lepidoptera species have the same piRNA-mediated 
pathway of sex determination as B. mori.  
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The silkworm B. mori is the model system for sex determination 
research in Lepidoptera, and it is fairly well studied, also as it was 
domesticated for over 500 years. However there are other emerging 
model systems for Lepidoptera sex determination. Of particular 
interest are Lepidoptera that carry sex ratio manipulating 
endosymbionts as these reproductive manipulators may further aid in 
studying sex determination itself. An example for this are butterflies 
within the genus Eurema.  
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Figure 1.2 Sex determination in Bombyx mori. Masc messenger RNA, transcribed from the Z chromosome, is cleaved by Fem piRNA, which is transcribed from 
the W chromosome. In ZZ individuals, Masc stimulates male development. In WZ individuals, Fem piRNA reduces Masc levels which leads to female 
development. Source: (Marec, 2014). 
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1.5 Eurema butterflies 
The genus Eurema (Lepidoptera: Pieridae) is widely distributed in 
tropical to subtropical and temperate regions of North and South 
America, Africa, Asia and Australia. It includes around 66 species, 
which were divided into two subgenera (Yata, 1989). Australia has 
seven Eurema species, and they can be subdivided into two subgenera, 
Terias (E. hecabe, E. alitha, E. puella, E. smilax) and Eurema (E. brigitta, 
E. herla, E. laeta). Six of these species also occur outside Australia, and 
only E. herla is considered endemic to Australia (Braby, 2000). The six 
Australian Eurema species used in this thesis are shown Figure 1.3.
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Figure 1.3 All six Australian Eurema species used in this study have similar morphology, with the first four species shown in ventral view. Eurema laeta and 
Eurema herla are shown in dorsal view in order to display their distinctive wing markings (Braby, 2000).
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1.5.1 Adaptation strategies of Australian Eurema species 
to survive tropical and subtropical dry season: 
Migration and adult diapause 
The Australian species of the genus Eurema are good examples for 
different migration behaviours in Lepidoptera. This species group 
exhibits three different strategies to cope with the seasonal changes in 
precipitation in tropical and subtropical Australia, and also with 
extended drought periods. Eurema hecabe, E. smilax and E. brigitta 
display opportunistic large-scale migratory behaviour, towards more 
favourable habitats that still contain sufficient larval food plants during 
the dry season. Eurema brigitta and E. hecabe are predominantly found 
in the tropics but migrate towards subtropical areas and are found as 
far south as Sydney (Jones et al., 1987). Eurema smilax has a core 
population in the subtropics but is known to migrate northward during 
autumn-winter, reaching as far as Thursday Island in the Torres Strait, 
and southward in summer and autumn reaching as far as southern 
Victoria. Therefore, it has the widest distribution but it does not 
establish breeding populations at the southern edge, because of a lack 
of larval food plants (Braby, 2000).  
Both E. herla and E. laeta adults undergo a reproductive diapause, 
mostly during the dry season (winter). The diapause in E. herla appears 
to be induced by photoperiod, but it displays local migratory behaviour 
during the rest of the year. Eurema laeta shows no migratory behaviour, 
but aggregates in more humid and cooler areas during the dry season. 
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In contrast to E. herla, E. laeta enters and exits diapause in response to 
rainfall patterns (Jones & Rienks, 1987). 
 
1.5.2 Larval host plant 
A recent study looked at host plant changes within the family of 
Pieridae. Butterfly species of the family of Eurema mostly use plants of 
the family Fabaceae (order Fabales) as major host plants, while larvae 
are occasionally recorded from the orders of Malpighiales (Clusiaceae, 
Euphorbiaceae and Hypericaceae), Rosales (Rhamnaceae) and 
Sapindales (Simaroubaceae) (Braby & Trueman, 2006). The family 
Fabaceae seems to contain the ancestral host plants of pierids, but 
some species have undergone multiple independent host shifts to 
plants of other orders or families (Table 1.1). 
Table 1.1 Survival strategies and host plant species of Australian Eurema 
Species E. alitha E. brigitta E. hecabe E. herla E. laeta E. smilax 
Life 
history 
Unknown Migration Migration Diapause Diapause Migration 
Host plant 
specificity 
monophagus monophagus polyphagus monophagus Monophagous Polyphagus 
Plant 
species 
and family 
Glycine 
tabacina  
(Fabaceae) 
Chamaecrista 
mimosoides 
(Fabaceae) 
Caesalpinaceae*
, Mimosaceae, 
Fabaceae**, 
Euphorbiaceae 
Chamaecrista 
mimosoides 
(Fabaceae) 
Chamaecrista 
mimosoides 
(Fabaceae) 
Caesalpinaceae*
, Mimosaceae 
* not Chamaecrista mimosoides,** not Glycine tabacina 
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1.5.3 The Large Grass-yellow, Eurema hecabe 
Eurema hecabe is widely distributed in Africa, Asia and Australia, where 
it is very common in regions along the north and east coast of Australia 
(Figure 1.4) ranging from the Northern Territory to central NSW (Kemp, 
2002b, 2008). Eurema hecabe prefers open savannah woodlands, 
where their larval host plants grow. Host plants include a variety of 
Fabaceae and Euphorbiaceae and other host plants (Table 1.1), with 
Sesbania javanica (Fabaceae) as its major host in Queensland (Jones & 
Rienks, 1987). Eurema hecabe is multivoltine and completes several 
generations annually. In Townsville, E. hecabe is most abundant during 
autumn-winter when the main food plant S. javanica is available. As 
the dry season progresses, the plants dry and die off, but the adult 
butterflies continue to breed, although their reproductive activity may 
drop when the populations reach maximum densities. At this point the 
adults disperse southwards to search for other food plants. It was 
suggested that E. hecabe is an opportunistic migrant, coping with the 
tropical dry season and the associated food shortage by large scale 
migrations to reach areas with better food availability. Individuals have 
been recorded in Sydney which is far outside its normal breading range, 
and where adults normally arrive in autumn (Braby, 2000; Jones & 
Rienks, 1987).  
This species has highly variable wing markings and size, and is 
therefore often misidentified with other closely related Eurema species. 
These variations are affected by changes of environmental conditions 
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such as light and temperature. Darker winged morphs are more 
common during the winter dry season than in the summer. The size of 
winter-caught butterflies is often smaller compared to the summer-
caught butterflies. The decline in size during the dry season is related 
to larval overcrowding of food plants (Jones, 1992; Jones & Rienks, 
1987). 
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. 
Figure 1.4 Morphology and distribution of Eurema hecabe in Australia. (A) Male Eurema 
hecabe, sitting on a flower. (B) Distribution of Eurema hecabe in Australia shown in green 
(Braby, 2000). Photo: Markus Riegler. 
A B
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1.5.4 The Scalloped Grass-yellow, Eurema alitha 
In Australia E. alitha has long been misidentified as E. hecabe and has 
only recently been distinguished by differences in wing patterns and 
male genitalia (Braby, 1997). The main difference between the two 
species is the broader and scalloped black terminal band on the 
hindwing of E. alitha. A recent DNA barcoding study on Australian 
butterflies detected a genetic distance in the COI gene of E. alitha from 
E. hecabe of 5 % (Hebert et al., 2013) which supports the morphological 
observations. The brown markings on the underside of E. alitha appear 
to have a seasonal bias like in E. hecabe. Outside of Australia this 
species occurs in Southeast Asia, for example Taiwan and Indonesia, 
as well as on islands such as Sulawesi, Timor and New Guinea (Yata, 
1989). The Australian distribution of E. alitha (Figure 1.5) ranges from 
the Northern Territory and reaches its southern range limit at 
Rockhampton, although it also has an isolated population in the Pilbara 
(WA) (Braby, 1997). Eurema alitha shares the same habitat with E. 
hecabe, coastal dry savannah woodland and grassland, and both have 
overlapping distributions. However, E. alitha is monophagous (Table 
1.1) and feeds solely on Glycine tabacina (Fabaceae), which is not used 
by any other Australian Eurema (Braby, 2000). Unfortunately it is not 
known whether this species is continuously breeding throughout the 
year and whether it has a migration strategy or a reproductive 
diapause. 
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Figure 1.5 Distribution of Eurema alitha in Australia shown in green (Braby, 2000)
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1.5.5 The Small Grass-yellow, Eurema smilax 
Eurema smilax is the most widespread of all Eurema species within 
Australia (Figure 1.6) and occurs in most of continental Australia as 
well as on Lord Howe Island. Individuals of this species are significantly 
smaller than the other Eurema species. Larvae feed on a wide range of 
leguminous plants from the families of Caesalpiniaceae and 
Mimosaceae (Table 1.1). Seasonal wing variations are weak but both 
wet- and dry-season forms are described (Jones, 1992). Their 
formation depends on temperature, with lower temperatures (<21℃) 
causing a shift, and this is more pronounced in females.
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Figure 1.6 Distribution of Eurema smilax in Australia shown in green (Braby, 2000). 
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1.5.6 The No-brand Grass-yellow, Eurema brigitta 
The distribution of E. brigitta is similar to E. hecabe, as both species 
occur in in Australia (Figure 1.7), East Asia as well as in Afrotropical 
regions. The common name of this species originates from the missing 
sex-brand in this species. There are distinctive wet- and dry- season 
forms. Caterpillars of this species only feed on a single species (Table 
1.1), Chamaecrista mimosoides (Fabaceae).  Eurema brigitta is also a 
large-scale migrant that opportunistically follows changes in food 
plant availability by moving southward during the dry season (Jones & 
Rienks, 1987).  
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Figure 1.7 Distribution of Eurema brigitta in Australia shown in green (Braby, 2000). 
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1.5.7 The Lined Grass-yellow, Eurema laeta 
Eurema laeta is the only Eurema species whose distribution is restricted 
to the tropics ( 
Figure 1.8). This species does not have a migration behaviour. 
Experimental rearing showed that larvae and pupae exhibit low survival 
below 22˚C and above 30˚C (Jones et al., 1987). This was supported 
by a recent study which revealed that E. laeta has a lower mean cold 
tolerance than other Eurema species and lacks genetic variation for this 
trait, which may play a key role for limiting its distribution to the tropics 
(Davis et al., 2014). Like E. brigitta, this species only feeds on C. 
mimosoides (Table 1.1). Eurema laeta has an opportunistic breeding 
strategy which is linked to rainfall patterns. It stops breeding when 
food plants wither or die (Jones et al., 1987). During the dry season 
adults do not breed and aggregate in moister refugia where they 
remain until conditions become more favourable for host plants. 
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Figure 1.8 Distribution of Eurema laeta in Australia shown in green (Braby, 2000).
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1.5.8 The Pink Grass-yellow, Eurema herla 
Eurema herla is the only Eurema species which is endemic to Australia 
while the other species also occur outside Australia. The species is 
common and widespread. It occurs from the wet tropics in WA and NT 
to southern Queensland and northern New South Wales (Figure 1.9). 
Eurema herla occurs in grassy woodlands where its only host plant C. 
mimosoides (Fabaceae) is found (Table 1.1). This species has a 
diapause which is induced by photoperiod. Different to E. laeta, E. herla 
aggregates in more open and drier areas during diapause. Outside of 
its diapause period (which can extend up to 6 months), E. herla shows 
a local migration pattern, and it moves to more favourable areas when 
conditions become unfavourable during the breeding season (Jones & 
Rienks, 1987). 
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Figure 1.9 Distribution of Eurema herla in Australia shown in green (Braby, 2000)
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1.5.9 The Broad-margined Grass-yellow, Eurema puella 
Eurema puella occurs in Papua New Guinea and Far Northern 
Queensland (Yata, 1991), including the Iron Range (Figure 1.10). The 
distribution of this species is limited to the tropical lowland rainforests, 
where its larval food plants Archidendron hirsutum (Mimosaceae) and 
Ventilago ecorollata (Rhamnaceae) grow. While six of the Australian 
Eurema species show different amounts of seasonal variations in their 
morphology, E. puella shows no seasonal polymorphisms. This species 
was not included in this study due to the difficulty of accessing field 
populations for sampling. 
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Figure 1.10 Distribution of Eurema puella in Australia shown in green (Braby, 2000).
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1.5.10 The Grass-yellow, E. mandarina 
This species does not occur in Australia, but was the main species of 
interest of the first experimental chapter (Chapter 2), where it was 
studied for its female-biased sex ratios that have been recorded in 
some populations of this species. The taxonomic status of E. 
mandarina has been recently revised. It was previously described as a 
biotype i.e. yellow type (Y type) of E. hecabe. Eurema mandarina 
inhabits temperate regions of Japan (Figure 1.11) while E. hecabe, 
previously known as brown type (B type), inhabits subtropical regions 
(Kato, 2000b). These two species differ in their responses to 
photoperiod and temperature (Kato & Handa, 1992), larval host plants 
(Kato et al., 1992), wing markings and mate choice (Kato, 2000a). 
Sequences of the nuclear gene Tpi are specific for the two species while 
shared mitochondrial haplotypes indicate past hybridisation events 
(Narita et al., 2006). Both species overlap in their distribution in Japan 
yet they do not appear to hybridise in the wild (Kobayashi et al., 2001). 
However, it was also observed that copulation between E. mandarina 
and E. hecabe occurred in the laboratory when young females were 
involved (Kato, 2000a; Kobayashi et al., 2001). Based on these genetic, 
behavioural and ecological data the taxonomic status of the Y type was 
revised and assigned as E. mandarina (Narita et al., 2011) while the B 
type corresponds to E. hecabe. 
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Figure 1.11 Distribution of Eurema mandarina and Eurema hecabe in Japan (Narita, 
2011) 
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1.6 Wolbachia in Eurema hecabe and Eurema mandarina 
The first detection of Wolbachia in E. mandarina (previously defined as 
yellow type of E. hecabe) was made in a population of Okinawa-jima 
Island Japan in 2002. It was revealed that E. mandarina butterflies from 
Okinawa-jima showed a female-biased sex ratio. Like most 
Lepidoptera, E. mandarina is female-heterogametic (WZ females and 
ZZ males). The W chromosome of the females condenses to form a sex 
chromatin body that is visible within interphase nuclei of somatic cells 
(Traut et al., 2007). Cytological observations found sex chromatin 
bodies in females of normal 1:1 sex ratio broods, but not in females of 
female-biased broods that still had all female reproductive organs and 
were fully functional. Antibiotic treatment of these thelygenic (female-
only producing) adult females resulted in 100% male offspring, 
whereas the sex ratio of non-feminised populations remained 1:1. This 
lead to the hypothesis that the female-biased sex ratios were caused 
by feminisation of genetic males (ZZ)  although no tests were 
undertaken to further investigate the sex chromosome composition of 
these individuals. Such feminised males were able to copulate with 
normal males and subsequently produced all female offspring (Hiroki 
et al., 2002). 
Later on, two different Wolbachia strains were identified in Japanese 
populations of E. mandarina (Hiroki et al., 2004; Narita et al., 2007a; 
Narita et al., 2007b). Both strains belonged to the Wolbachia B 
supergroup. One strain, named wCI, was common in nearly all Japanese 
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populations and caused CI. The other strain, wFem, co-occurred with 
wCI in ZZ females, whereas true females (WZ) were singly infected with 
wCI. Doubly infected females produced all female progeny, whereas 
those singly infected with wCI produced a 1:1 sex ratio. Therefore the 
authors concluded that wFem changes genetic males into functional 
females. wFem was detected in the populations of the Japanese islands 
Okinawa-jima Island and Tanegashima. 20% of the Okinawa-jima 
population were doubly infected while 80% were singly infected with 
wCI (Hiroki et al., 2002; Hiroki et al., 2004). A study comparing 
transmission rates of the two strains showed that the transmission rate 
of wCI was nearly 100% whereas 20% of progeny failed to acquire wFem. 
This lower transmission rate of 80% enabled the feminising strain to be 
maintained in the population because of the higher rate of female 
production without the risk of crashing populations due to a complete 
female bias (Narita et al., 2007c).  
In another study E. mandarina were fed with a tetracycline-containing 
diet at different developmental stages until pupation, and this resulted 
in the emergence of adults with abnormal wings and morphologies. 
These wing morphs were sexually intermediate. Treatment of the first 
instar resulted in the strongest intersexual phenotype, while treatment 
of the fourth instar revealed the weakest intersexual phenotype. This 
demonstrated that Wolbachia acts continuously on genetic males 
during the larval development leading to a female phenotype (Narita et 
al., 2007a), and this was a major break-through finding. Prior to the 
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work by Narita et al. (2007a), the lepidopteran sex determination, as 
well as sex determination in other insects, was thought to be 
completed during early embryogenesis (Marec et al., 2010). The 
discovery that Wolbachia continuously acts on the larvae of E. 
mandarina was thus unexpected, and the underlying mechanisms of 
insect sex reversal are still not well understood. Observations indicated 
that not only is wFem responsible for the feminisation, but other 
factors like the nuclear background or wCI are also involved (Narita et 
al., 2007a). 
More recently, Wolbachia-induced feminisation was also demonstrated 
in Japanese populations of the sibling species E. hecabe (Narita et al., 
2011). Both the wCI and wFem strains of E. hecabe and E. mandarina 
were indistinguishable using multilocus sequence typing (MLST) and 
therefore regarded as two identical strains in both host species, and 
both strains were hypothesised to have been shared through host 
species hybridisation and introgression. 
Outside Japan, the wFem strain has also been recorded in E. hecabe in 
China, Vietnam, Indonesia (Narita et al., 2006) and India (Salunke et al., 
2012) but, according to the published literature, Australian E. hecabe 
has so far not been observed to carry the wFem strain. A preliminary 
finding in a BSc Honours thesis however suggested its presence in a 
population of E. hecabe from Cairns (Thomson 2009). 
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1.6.1 The influence of Wolbachia on mtDNA of Japanese 
Eurema mandarina and Eurema hecabe 
As mitochondria are maternally co-inherited with Wolbachia, patterns 
in mtDNA variation can be informative about the evolutionary invasion 
history of Wolbachia. The spread of a Wolbachia strain may drive a 
linked mtDNA haplotype and thus cause a mitochondrial selective 
sweep or mitochondrial hitchhiking (Hurst & Jiggins, 2005), while the 
corresponding host nuclear gene (nuDNA) diversity and structure is 
expected to remain unaffected by a Wolbachia spread. For example, in 
Drosophila simulans a Wolbachia linked mtDNA haplotype replaced the 
previous haplotype during a rapid spread (Turelli & Hoffmann, 1991).  
A previous study by Narita et al. (2006) investigated the nuclear DNA 
(nuDNA) diversity of Japanese E. mandarina and E. hecabe populations. 
This study used the nuclear Tpi gene located on the Z chromosome and 
the autosomal nuclear EF-1α gene. In contrast to mtDNA (analysed 
were the ND5 and 16S rRNA genes), the two nuclear genes provided a 
different interpretation of the relationships between the two species, 
by then regarded as two biotypes of E. hecabe. The two species clearly 
differed in both nuclear loci while the two mtDNA loci failed to 
distinguish between the two species. The COI phylogeny was correlated 
with Wolbachia infection. This further supported the idea that 
Wolbachia was shared between the species due to hybridisation and 
introgression (Narita et al., 2006). 
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1.7 Research scope and aims 
 
The primary research aim of this PhD thesis was to study the effects of 
Wolbachia on Eurema butterflies from both functional and population 
genetic perspectives. A secondary aim was to investigate how the 
different migration biology displayed by different Eurema species in 
Australia affected genetic diversity of their populations. A third aim was 
to analyse the phylogenetic placement of Australian Eurema species 
within the genus Eurema. 
Eurema mandarina and E. hecabe are two of only three insect species 
for which Wolbachia-induced feminisation has been described (Hiroki 
et al., 2002; Narita et al., 2011) and they are therefore important model 
species of Wolbachia feminisation in insects in general. However, 
despite being a model species for Wolbachia-induced feminisation in 
insects, the mechanisms of how Wolbachia interferes with the sex-
determination cascade in both Eurema species is yet unknown. In most 
Lepidoptera, the W chromosome forms a heterochromatic body 
in somatic cells during interphase. Cytogenetic detection of this W 
chromatin body thus provides a simple diagnostic tool to detect a 
female genotype (Traut & Marec, 1996). However, analysis of wFem 
infected E. mandarina females did not reveal W chromatin, suggesting 
a male (ZZ) genotype for these phenotypic females (Narita et al., 
2007c). This demands further investigation, especially because this 
cytogenetic sexing method is not universally applicable because this 
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detection test of the W chromatin body by conventional microscopy did 
not result in positives in several lepidopteran species (Traut et al., 
2007). Furthermore, there is currently no general molecular sexing 
technique available for Lepidoptera that could be used to investigate 
this further.  
To elucidate the yet unknown molecular mechanisms behind the 
Wolbachia-induced feminisation of E. mandarina, we aimed to develop 
a quantitative PCR approach targeting the dosage ratio of Z 
chromosome genes to an autosomal gene. This gene dose ratio (GDR) 
of known Z-linked and autosomal genes could be used to infer sex, 
but this has previously not been attempted. This approach would then 
allow us to further investigate the nature of the Wolbachia-infected sex 
ratio bias in E. mandarina including the hypothesised male ZZ 
chromosome constitution of wFem infected female-only populations. 
This molecular test would also allow testing for any feminisation 
effects, irrespective of Wolbachia infection, and would therefore allow 
testing for feminisation in Australian E. hecabe, if female biased 
populations were found at a later stage (Chapter 2). 
A previous study has detected Wolbachia in Australian E. hecabe, 
including a strain that was similar to wFem (Thomson, 2009). However 
this study was limited with regard to the characterisation of strains and 
their phenotypes and only investigated populations from Cairns so that 
the overall infection status of Australian E. hecabe is yet unknown. In 
this PhD research, it was aimed to evaluate the presence of the 
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endosymbiont Wolbachia using strain specific primers for the strains 
wCI and wFem across the Australian distribution of E. hecabe which 
ranges from the tropics to temperate regions. It was also tested if other 
bacteria that are known to manipulate insect reproduction are present 
in Australian E. hecabe.  
 
To untangle the effect of Wolbachia on mtDNA diversity of E. hecabe, a 
second species, E. smilax was incorporated into this study. Based on 
preliminary work this species was expected to be Wolbachia uninfected 
(Kern et al. 2015). Therefore we had to confirm this in a wider survey 
of a larger population sample of E. smilax. We then sequenced the 
mtDNA COI gene and contrasted this diversity with the nuDNA Ef-1α 
gene diversity in both species. As Wolbachia infected species were 
found to have lower mtDNA diversity than closely related uninfected 
species (Shoemaker et al., 2004), we expected similar effects in E. 
hecabe when contrasting it with E. smilax as the uninfected control 
species. As nuDNA is not affected by Wolbachia we expected a similar 
nuDNA diversity in both species (Chapter 3). 
Beyond E. hecabe and E. smilax this PhD project also focussed on four 
other Australian Eurema species (in total six out of seven Australian 
Eurema species). These six species have different adaptation strategies 
to the seasonality and the unpredictability of precipitation in Australia. 
Three species E. hecabe, E. smilax and E. brigitta show large-scale 
opportunistic migration behaviour, and migrate to more favourable 
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habitats during times of drought in order to secure survival of 
populations. In contrast, E. herla and E. laeta respond with a 
reproductive diapause, which is either induced by photoperiod (E. 
herla) or rainfall patterns (E. laeta). The strategies of E. alitha are not 
yet known, due to its more recent discovery in Australia. Four species, 
E. alitha, E. brigitta E. laeta and E. herla larvae are monophagous while 
the other two, E. hecabe and E. smilax are polyphagous yet do not feed 
on the host plant species of the monophagous Eurema species. Three 
of the monophagous species, E. brigitta E. laeta and E. herla, share the 
same host plant, and this host plant sharing presents an ideal 
opportunity to test for the ecological basis of horizontal Wolbachia 
transmission when contrasting it with species that do not share host 
plants within Eurema. 
Prior to this, the prevalence of Wolbachia in the different Eurema 
species throughout Australia had to be determined, followed by strain 
characterisation. This was to test if the strains were similar or identical 
for Eurema species, and to test for potential HT of Wolbachia. The effect 
of the infections on mtDNA diversity and structure was then tested in 
a comparative way between infected and uninfected species. Another 
aim was to untangle how migration behaviour or diapause in the 
presence or absence of bacterial infections may have affected mtDNA 
and nuDNA diversity. Finally, all obtained Eurema nuclear and 
mitochondrial sequence data were used to re-examine the current 
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phylogenetic placement of Australian Eurema within the genus Eurema 
(Chapter 4). 
 
The specific aims of this thesis were: 
 To study the genetic mechanism of the sex ratio bias in E. 
mandarina; and to test if the females are feminised genetic males 
with a male sex chromosome constitution (Chapter 2). 
 To investigate the incidence and prevalence of Wolbachia in 
Australian Eurema hecabe; to characterize the Wolbachia strains; 
to screen for other reproductive parasites; and to assess whether 
Wolbachia infection had impacted mtDNA genetic diversity and 
structure compared to uninfected E. smilax (Chapter 3). 
 To investigate the prevalence of Wolbachia in species of the 
genus Eurema; to characterise these strains; to evaluate the 
sharing of the same Wolbachia strains and potential routes of HT 
of Wolbachia; to analyse the effects of Wolbachia on genetic 
diversity on closely related species with different survival 
strategies and to re-examine the phylogenetic placement of 
Australian Eurema species within the Eurema genus (Chapter 4). 
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 2. Chapter 2 
Double trouble: combined action 
of meiotic drive and Wolbachia 
feminisation in Eurema butterflies 
 
This chapter was published as: 
 
Kern, P., Cook, J. M., Kageyama, D. & Riegler, M. (2015). Double 
trouble: combined action of meiotic drive and Wolbachia feminization 
in Eurema butterflies. Biology Letters, 11: 20150095. 
 
DOI:10.1098/rsbl.2015.0095 
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Arthropod sex ratios can be manipulated by a diverse range of selfish 
genetic elements, including maternally inherited Wolbachia bacteria. 
Feminisation by Wolbachia is rare, but has been described for Eurema 
mandarina butterflies. In this species, some phenotypic and functional 
females, thought to be ZZ genetic males, are infected with a feminising 
Wolbachia strain, wFem. Meanwhile, heterogametic WZ females are not 
infected with wFem. Here we establish a quantitative PCR assay 
allowing reliable sexing in three Eurema species. Against expectation, 
all E. mandarina females, including wFem females, had only one Z 
chromosome that was paternally inherited. Observation of somatic 
interphase nuclei confirmed that W chromatin was absent in wFem 
females, but present in females without wFem. We conclude that the 
sex bias in wFem lines is due to meiotic drive that excludes the 
maternal Z and thus prevents formation of ZZ males. Furthermore, 
wFem lines may have lost the W chromosome or harbour a 
dysfunctional version, yet rely on wFem for female development; 
removal of wFem results in all-male offspring. This is the first study 
that demonstrates an interaction between meiotic drive and Wolbachia 
feminisation and it highlights endosymbionts as potentially 
confounding factors in meiotic drive of sex chromosomes.  
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Selfish genetic elements can highjack sex determination systems and 
distort sex ratios in order to enhance their own transmission in host 
populations. Examples are meiotic drive (MD) genes of sex 
chromosomes (Werren, 2011) and endosymbiotic microorganisms 
(Kageyama et al., 2012) such as Wolbachia, a maternally inherited 
bacterium of arthropods that can induce cytoplasmic incompatibility 
(CI), thelytokous parthenogenesis, male-killing (MK) and feminisation. 
Feminisation is least common and results in female development of 
individuals with an assumed male chromosome composition (Werren 
et al., 2008).  
Wolbachia-induced feminisation has been reported for several 
terrestrial crustaceans and is best described for the isopod A. vulgare 
with presumed heterogametic females (WZ). In this species, Wolbachia 
causes individuals to develop into functional females via manipulation 
of the androgenic gland (Cordaux et al., 2011). Consequently, the 
frequency of the W chromosome in infected populations is expected to 
decline until its eventual elimination, such that female sex is controlled 
by the presence of Wolbachia rather than W, while males may develop 
when Wolbachia transmission is leaky (Cordaux et al., 2011).  
Wolbachia induced feminisation has also been recorded for three insect 
species, including two Eurema butterfly species (Hiroki et al., 2002; 
Narita et al., 2011; Negri et al., 2006). Eurema mandarina butterfly 
populations are nearly fixed for wCI infections. In some populations 
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females are co-infected with wFem, a strain thought to cause 
feminisation (Hiroki et al., 2002; Hiroki et al., 2004). For example, on 
Tanegashima Island in Japan, most females harbour both strains and 
produce only daughters with similar offspring numbers to the mixed 
sex broods produced by wCI females (Hiroki et al., 2004; Narita et al., 
2007c).  
Lepidoptera are diplodiploid insects with female heterogamety - 
females are WZ or 0Z, males are ZZ. As in most Lepidoptera (Traut & 
Marec, 1996), the W chromosome of uninfected and wCI E. mandarina 
females forms a heterochromatic body during interphase of somatic 
cells (Hiroki et al., 2002). However in wFem females this W chromatin 
is missing, which has led to the assumption that they have a male ZZ 
chromosome composition (Hiroki et al., 2002; Narita et al., 2007c). 
Both MK and MD have previously been excluded as mechanisms for the 
sex ratio bias because antibiotic treatment of wFem females did not 
change offspring numbers and did not restore even sex ratios, but 
yielded all-male broods (Hiroki et al., 2002). Further antibiotic 
experiments provided evidence that wFem has a continuous feminising 
action on individuals during larval development (Narita et al., 2007a). 
Here, we scrutinised the genetic basis of the sex ratio bias in E. 
mandarina, and directly tested the hypothesised ZZ composition of 
wFem females. We also compared the inheritance of Z in all-female and 
mixed-sex families to probe them for any segregation distortions.  
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2.2.1 Sampling and Wolbachia screening 
We tested 57 E. mandarina from Tanegashima produced by five and 
three field-collected mothers that produced all-female and mixed-sex 
broods, respectively. This number also included six tetracycline treated 
individuals from one mixed-sex family. Controls were six E. mandarina 
from Hachijō-jima Island, Japan, as well as ten individuals each of 
Australian Eurema hecabe and Australian Eurema smilax. Wolbachia 
infections were confirmed and sequenced by using strain-specific PCR 
primers (Narita et al., 2007c) (Appendix A: Table A 2). 
 
2.2.2 W chromatin body assays 
After oviposition, the eight field collected E. mandarina females were 
analysed for presence of the W chromatin body (Kageyama & Traut, 
2004; Traut & Marec, 1996) using previously established methods for 
Eurema (Kageyama & Traut, 2004; Traut & Marec, 1996). 
 
2.2.3 Real-time quantitative PCR (qPCR) 
The gene dose ratio (GDR) of Z-linked genes Tpi and kettin with the 
autosomal gene EF-1α was inferred by qPCR (Nguyen et al., 2013). We 
tested the offspring of the eight field collected E. mandarina females, 
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six control individuals from Hachijō-jima, and ten individuals each of 
E. hecabe and E. smilax (Appendix A: Material and methods). 
 
2.2.4 Tpi sequence analysis  
Inheritance of the Z chromosome was revealed through Tpi sequence 
analysis of mothers and their offspring. Paternal alleles remained 
unknown as females were caught after mating. 
 
 
2.2.1 Wolbachia infection status  
Offspring of all-female families were infected with both wCI and wFem. 
In contrast, offspring of mixed-sex families were only infected by wCI. 
The six tetracycline treated offspring individuals of a wCI female were 
uninfected. All wild-caught E. mandarina from Hachijō-jima and 
Australian E. hecabe were positive for wCI, and Australian E. smilax 
were uninfected (electronic supplementary material, S2). 
 
2.2.2 W chromatin body assays  
The W chromatin body was detected in the three mothers of wCI-
infected and wCI-cured individuals but not in the five mothers of wFem 
females (Appendix A: Table A 4). This confirmed previously published 
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absence of W in wFem E. mandarina and wFem E. hecabe (Hiroki et al., 
2004; Narita et al., 2011). 
 
2.2.3 GDR of Z-linked genes in males and females  
Our qPCR approach correctly determined sex in Eurema butterflies, 
independent of their infection status. Both genes had a GDR close to 1 
for all males in all species (Figure 2.1). Females of wCI E. hecabe, 
uninfected E. smilax, wCI and uninfected E. mandarina had a GDR close 
to 0.5. Contrary to expectation, GDR of wFem E. mandarina females 
was also 0.5.  
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Figure 2.1 Gene dose ratio of Z-linked Tpi and kettin normalized to autosomal Ef-1α in 
Eurema individuals. Error bars represent standard error.  
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2.2.4 Inheritance of the Z chromosome  
Sequence analysis of the Z-linked Tpi gene provided further evidence 
that all females had a single Z (Figure 2a, b) while most males were 
heterozygous with two different alleles (Figure 2b). In wFem families, 
the mother’s allele was not observed in daughters (n=27 over five 
families), implying MD against the maternal Z. In families without 
wFem, normal Mendelian segregation was seen, with maternal Z alleles 
appearing in sons and not in daughters (Appendix A: Figure A 1). 
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Figure 2.2 Family pedigrees of wFem co-infected (a) and wCI infected (b) Eurema mandarina. 
Circles represent females with one Z, squares males with two Z alleles. wFem leads to either 
a loss of W or a modified and dysfunctional W’ chromosome; wFem individuals carry the 
paternal Z (c). In wCI infected lineages with equal sex ratios, sex chromosomes experience 
Mendelian inheritance (d).  
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By using qPCR we accurately identified sex in three Eurema species; the 
GDR of two Z-linked genes in males was twice that in females. This 
matched the detection of W chromatin in wCI infected E. mandarina 
females, but was not in line with the absence of W chromatin in wFem 
females. Thus, contrary to previous hypotheses, wFem females did not 
have male ZZ genotypes. We then investigated inheritance of the Z 
chromosome. Alleles of Z-linked Tpi in wFem females always differed 
from their maternal genotype, revealing paternal inheritance of Z, and 
more specifically, the exclusion of maternal Z from progeny by a yet 
unknown MD mechanism.  
Based on our findings we conclude that wFem lineages do not possess 
a W chromosome or carry a modified W’ that is dysfunctional and 
cannot be visualised in W chromatin assays (Figure 2c). A previous 
study detected W in just one wFem female (Narita et al., 2007c); 
perhaps wFem infected lineages have a modified W’ that can only 
occasionally be visualised as W chromatin. Irrespective of whether W is 
lost or modified, wFem still compensates for it and triggers female 
development of individuals with a single Z chromosome. This is shown 
by previous experiments demonstrating that Wolbachia must be 
present in larvae for female development (Narita et al., 2007a). 
In addition, MD prevents inheritance of the maternal Z chromosome. 
MD can polarise the meiotic spindle, leading to a non-random 
segregation of sex chromosomes (Pardo-Manuel de Villena & Sapienza, 
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2001) where no sex chromosome or W’ may be preferentially inherited 
while Z may be pulled towards the polar body. It is not yet known 
whether Wolbachia is directly involved in MD of E. mandarina or 
whether MD and Wolbachia feminisation are two independent 
mechanisms. The answer depends on the currently unknown Z 
chromosome composition of the all-male offspring of females cured 
of wFem; the re-establishment of Mendelian Z inheritance would 
provide evidence that Wolbachia causes the observed MD.  
Here we propose a new conceptual framework in which MD is 
responsible for the unisex offspring within sex-biased lines. wFem 
does not feminise ZZ males but feminises individuals with a single Z 
(0Z or W’Z). wFem compensates for the loss of the female 
differentiation pathway. Thus, the combined action of MD and 
feminisation may have led to the evolution of 0Z female genotypes, 
analogous to the loss of the Y chromosome in male heterogametic 
systems that can result in the evolution of X0 systems (Charlesworth, 
1996). 
The production of all-male broods after wFem curing could follow the 
mechanism seen in Bombyx mori, where embryos with only one Z 
chromosome become males when the sex determination signal of the 
W chromosome, a female specific piRNA, is silenced (Kiuchi et al., 
2014). Furthermore, in the moth Ostrinia scapulalis a MK Wolbachia 
strain was found to carry a feminising factor, while the moth’s W 
chromosome was dysfunctional (Sugimoto & Ishikawa, 2012). How 
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Wolbachia induces femaleness in Z individuals remains hidden. One 
possibility is mimicry of the primary sex determination signal itself. 
Wolbachia has recently been reported to manipulate the host’s piRNA 
machinery in Aedes aegypti (Mayoral et al., 2014).  
While the capacity to induce MD has not yet been demonstrated for 
endosymbionts, possible interactions of endosymbionts with other 
selfish genetic elements have previously been discussed (Riegler et al., 
2005). Our study is first to suggest the combined action of different 
reproductive manipulations, MD and feminisation. It highlights that 
reproductive manipulations in Eurema butterflies are more complex 
than previously anticipated, and this may apply to current models of 
Wolbachia feminisation in general. In addition, our study raises the 
possibility that endosymbionts might cause meiotic drive in their hosts.  
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 3. Chapter 3 
Influence of Wolbachia on the 
genetic diversity of infected 
Eurema hecabe in contrast with 
uninfected Eurema smilax in 
Australia
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Maternally inherited reproductive parasites of insects can impact host 
population genetics. Asian populations of the widely distributed 
butterfly species Eurema hecabe are infected with two strains of the 
maternally inherited endosymbiotic bacterium Wolbachia; the common 
wCI strain causes cytoplasmic incompatibility (CI), and the rarer wFem 
strain causes feminisation. Here, we surveyed the presence of 
Wolbachia in E. hecabe in Australia where this butterfly species annually 
expands its range from tropical into subtropical regions, and 
contrasted this with the more widely distributed Eurema smilax which 
can also migrate into temperate regions. All 685 E. hecabe individuals 
from 29 sites were infected with wCI, however wFem was not detected. 
In contrast, none of the 56 E. smilax from nine sites were infected. 
Analysis of mitochondrial COI and nuclear Ef-1α genes of E. hecabe did 
not reveal any mitochondrial footprints of a recent CI-induced 
Wolbachia sweep. This suggests that a CI driven invasion had occurred 
sufficiently long ago to allow for the divergence of mitochondrial 
populations. Alternatively, observed COI diversity in E. hecabe may 
reflect multiple, independent infections via (intraspecific or 
interspecific) horizontal Wolbachia transmission, or paternal 
transmission of Wolbachia. Unexpectedly, E. smilax had a lower 
mitochondrial haplotype diversity and nucleotide diversity than E. 
hecabe. However, E. smilax had more rare COI haplotypes with signs of 
purifying selection. This could be due to the absence of Wolbachia and 
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the wider migration behaviour of this species. While nuDNA showed 
more alleles and segregating sites in E. smilax, allele and nucleotide 
diversity was similar in both species, which was expected as nuDNA is 
generally not affected by Wolbachia. 
 
 
Microbial symbionts play an important role in the ecology and evolution 
of their insect hosts (Ferrari & Vavre, 2011) with various effects on their 
hosts, ranging from nutritional functions, protection from parasites 
and facilitation of insect-plant interactions (Su et al., 2013). The effects 
of microbial symbionts on their insect hosts can range from beneficial 
to detrimental, and this may also depend on environmental conditions 
and host genetic background (Feldhaar, 2011). 
Many endosymbiotic bacteria such as Wolbachia, Rickettsia, 
Arsenophonus, Cardinium and Spiroplasma are known to manipulate 
the reproductive system of their arthropod hosts (Duron et al., 2008). 
The most common endosymbiotic bacterium is Wolbachia, which has 
been found in a wide range of host species, infecting about 52% of all 
arthropod species (Weinert et al., 2015), and it is also found in filarial 
nematodes (Stouthamer et al., 1999; Werren, 1997; Werren et al., 
2008). This obligate intracellular symbiont belongs to the 
Alphaproteobacteria, and, like mitochondria, is transovarially 
transmitted with the maternal cytoplasm (Werren et al., 2008).   
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The ability of Wolbachia to manipulate its host’s reproduction favours 
its own spread in host populations over consecutive generations. 
Therefore, Wolbachia is recognised as a reproductive parasite (Riegler 
& O’Neill, 2006; Werren, 1997; Werren et al., 2008). The mechanisms 
of reproductive manipulations include cytoplasmic incompatibility (CI), 
thelytokous parthenogenesis, male killing and feminisation (Duron et 
al., 2008; Engelstadter & Hurst, 2009; Werren et al., 2008). These 
manipulations increase the reproductive success of Wolbachia infected 
females when compared with uninfected females, and thus result in 
increased Wolbachia prevalence in host populations.  
Besides its direct effects on host reproduction, the linked maternal 
inheritance of both Wolbachia and mitochondria can indirectly impact 
mitochondrial (mtDNA) diversity and population structure without 
impacting nuclear (nuDNA) diversity (Hurst & Jiggins, 2005; Verne et 
al., 2012; Werren et al., 2008). This has been highlighted as a potential 
factor of mito-nuclear discordance in insects (Graham & Wilson, 2012; 
Jiggins, 2003; Kodandaramaiah et al., 2013; Ritter et al., 2013). 
Conversely, the analysis of contrasting patterns of mtDNA variation of 
infected versus uninfected lineages can reveal information about the 
history of Wolbachia invasions (Ballard, 2004). 
The spread of a Wolbachia strain in a host population may also increase 
the frequency of a linked mtDNA haplotype over consecutive 
generations. Therefore, Wolbachia can drive mitochondrial selective 
sweeps or hitchhiking (Hurst & Jiggins, 2005; Rasgon et al., 2006). In 
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contrast, the host nuDNA diversity and structure is not expected to be 
affected by a Wolbachia invasion. For example for the butterfly Acraea 
encedon, a study contrasted diversity of Wolbachia infected and 
uninfected individuals within a population and found that mtDNA 
diversity was higher in uninfected parts of the population (Jiggins, 
2003). For African Drosophila simulans flies, uninfected populations 
had higher mtDNA diversity than infected populations (Dean et al., 
2003). In addition, when comparing closely related Drosophila species, 
Wolbachia infected species showed lower mtDNA diversity than 
uninfected species (Shoemaker et al., 2004; Shoemaker et al., 1999). 
There are also exceptions to this. A recent study of the invasive thrips 
Pezothrips kellyanus has demonstrated less mitochondrial diversity for 
Wolbachia uninfected invasive populations than for Wolbachia infected 
native populations of this species. However, this situation can be 
explained by the loss of Wolbachia and founder effects in the invasive 
populations (Nguyen et al., 2016). 
The two sibling butterfly species Eurema hecabe and Eurema 
mandarina (Lepidoptera: Pieridae) were formerly considered 
subspecies, but are now recognised as separate species based on their 
different larval host plants (Kato et al., 1992), wing markings,  mate 
choice (Kato, 2000a) and nuclear sequence data (Narita et al., 2011; 
Narita et al., 2006). In Japan, both species are infected with the two 
Wolbachia strains, wCI and wFem. The wCI strain induces CI, whereas 
females infected by both wCI and wFem produced only daughters, and 
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this was interpreted as feminisation (Narita et al., 2011). We have since 
demonstrated that the female sex ratio bias in Japanese E. mandarina 
results from the feminising action of the wFem strain and an unknown 
meiotic drive mechanism, possibly also due to Wolbachia, but this 
requires further study (Kern et al. 2015). The distribution of E. 
mandarina is limited to Japan and Taiwan, while E. hecabe has a much 
wider distribution, ranging from Africa to Asia and Australia. Wolbachia 
infections in E. hecabe have previously been reported for populations 
outside Japan, in East Asia and India, with wCI far more commonly 
found than wFem that only occurs in some populations, and mostly on 
small islands (Choi et al., 2015; Narita et al., 2007d; Salunke et al., 
2012; Tagami & Miura, 2004).  
In Australia, E. hecabe occurs commonly in regions along the north and 
east coast, from tropical parts of the Northern Territory and northern 
Queensland to subtropical central NSW (Kemp, 2002a). A second 
species, Eurema smilax, Australia’s Eurema species with the widest 
distribution, is found in most parts of Australia, from tropical to 
temperate climates (Braby, 2000). Both species are considered 
opportunistic migrants, i.e. they migrate during periods of limited host 
plant supply, triggered by changes in rainfall patterns within a year. 
Both species move northward during the drier winter and southward 
during the summer with different core distributions; throughout the 
year some E. hecabe individuals remain in the northern tropics of 
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Queensland whereas some E. smilax individuals remain in the more 
southern subtropics (Jones & Rienks, 1987).  
Migration requires long distance flight. Insect flight as a highly 
energetic activity could therefore be particularly dependent on 
mitochondrial performance, because mitochondria drive the energy 
metabolism in eukaryotic cells (Mentel & Martin, 2008; Müller et al., 
2012). Flight muscle tissue may have a high density of mitochondria, 
as seen in honeybees (Apis mellifera) (Suarez et al., 2000). Selective 
pressure may arise on mitochondrial proteins such as cytochrome 
oxidase I (COI) in species with migratory behaviour and high energetic 
demands on mitochondrial function in flight muscle (Zhan et al., 2014). 
In this study, we aimed to assess the incidence, and more extensively, 
the prevalence of Wolbachia in Australian E. hecabe and E. smilax. We 
then characterized their Wolbachia strains. As wCI is fixed in E. hecabe 
populations in Japan and southeast Asia (Narita et al., 2007d) and wCI 
was also found in Australian E. hecabe (Kern et al., 2015), we expected 
a high prevalence of wCI in Australian populations. However, other 
studies have demonstrated lower infection frequencies of E. hecabe in 
India (Salunke et al., 2012). We also screened Australian E. hecabe for 
the wFem strain, or any other bacterial reproductive parasites known 
to bias host sex ratios; this was to test whether the female development 
caused by this strain in Japanese populations also occurs in Australia. 
For the analysis of the impact of Wolbachia infections on mtDNA we 
looked for a related Eurema species that is uninfected. A preliminary 
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Wolbachia screening of E. smilax revealed an uninfected population 
(Kern et al., 2015); therefore, we screened this species more widely to 
confirm whether this species is uninfected throughout its range in 
Australia.  
In order to evaluate the effect of Wolbachia on mtDNA diversity in E. 
hecabe we contrasted its mtDNA and nuDNA diversity, and also with 
the closely related E. smilax that we expected to be uninfected. Given 
that mtDNA, but not nuDNA diversity was reduced in Wolbachia 
infected species when compared with uninfected species (Shoemaker 
et al., 2004), we expected a reduced mtDNA diversity in E. hecabe when 
compared with E. smilax while nuDNA diversity should be similar 
between both species. In contrast absence of reduced genetic diversity 
in E. hecabe would suggest that the Wolbachia invasion in this species 
occurred a sufficiently long time ago for mtDNA diversity to re-
establish, or alternatively, the incidence of frequent horizontal transfer 
from other infected species, or paternal leakage of mitochondria or 
Wolbachia. 
 
 
3.3.1. Sample collection and DNA extraction 
We collected 675 adult E. hecabe females and males from 29 localities 
in mainland Australia (Queensland, Northern Territory and New South 
Wales) between 2011 and 2013 (Appendix B: Table B 1). All individuals 
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were screened for the presence of the wCI and wFem Wolbachia strains. 
A subsample of 75 E. hecabe from seven populations was selected for 
the screening for bacteria other than Wolbachia, and for sequencing of 
the COI and the elongation factor-1 alpha (Ef-1α) genes. In addition, 
56 E. smilax were sampled from nine different locations in Queensland, 
New South Wales, Victoria and South Australia (Appendix B: Table B 1) 
during the same time period. All individuals were screened for the 
presence of Wolbachia and their COI and Ef-1α genes were sequenced 
for comparative analyses. 
After removing wings, field-collected adults were submerged in 
absolute ethanol and stored at -20 ℃. Total genomic DNA was then 
extracted from their dissected thoracic muscles rather than legs, to 
reduce the risk of false negatives (Duron et al., 2008). For the 
Wolbachia screening the DNA was extracted using Chelex® 100 
(Sigma-Aldrich, St Louis, MO). Muscle tissue from individuals was 
transferred to 98 µL of 5 % Chelex solution and 2 µL of proteinase K 
(20 mg/mL). The tissue was homogenised in 1.5 ml microcentrifuge 
tubes with microtube pestles (Scientific Specialities Inc., Lodi, CA). After 
incubation at 56 °C for 35 min, samples were heated to 96 °C for 15 
min and centrifuged for 5 min at 13.000 rpm.   
Dissected thoracic muscles of samples used for the sequencing of the 
COI and Ef-1α genes were extracted using the GenElute™ Mammalian 
Genomic DNA Miniprep Kit (Sigma-Aldrich) according to the 
manufacturer’s protocol. 
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3.3.2. Screening of Australian E. hecabe and E. smilax for 
Wolbachia       
All individuals (Appendix B: Table B 1) were screened for Wolbachia 
using PCR assays targeting the Wolbachia surface protein (wsp) gene 
(Braig et al., 1998) (Appendix B Table B 4). For infected E. hecabe, 
fragments of wsp were amplified using strain specific wsp primers 
(Table S1, supporting information), previously developed for wCI and 
wFem (Braig et al., 1998; Narita et al., 2007d). The PCR assays included 
a wCI and wFem positive E. mandarina control sample from 
Tanegashima Island, Japan (Kern et al., 2015) and a no-template 
control (NTC). The amplification of the mitochondrial COI gene, using 
the primers LCO1490 and HCO2198 (Folmer et al., 1994), was 
performed for template DNA quality control. Butterflies were classified 
as uninfected when a repeated attempt did not amplify the wsp gene 
but the amplification of COI was successful. 
 
3.3.3. Characterisation of the Wolbachia strain in Australian E. 
hecabe    
In order to test for multiple infections, and to characterise the 
Wolbachia strain of Australian E. hecabe, the wsp locus (81F - 691R) of 
seven E. hecabe individuals (two individuals each from Cairns, Gin Gin 
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and Mackay, and one individual from Brisbane) was amplified by PCR, 
cloned and sequenced. PCR conditions were as listed in Appendix B 
Table B 4. PCR products (3 µl) were then ligated into the pGEM-T Easy 
Vector (Promega, Madison, WI, USA) by following the manufacturer’s 
protocol. JM109 High Efficiency Competent Cells (Promega) were used 
for the transformation. The transformed cells were plated onto LB 
plates containing ampicillin, IPTG and X-Gal (Morrow et al., 2014a). 
White colonies (with the insert) were transferred into 20 µl colourless 5 
× GoTaq reaction buffer (Promega). After a 10 min boiling step at 98 
°C, 1 µl was used as the template in colony PCR reactions using SP6 and 
T7 promoter primers (Morrow et al., 2014a). Five clones with 
appropriate PCR product size were prepared for sequencing with the 
SP6 primer as described above. All PCR amplicons prepared for 
sequencing were treated with a combination of 0.5 U exonuclease I 
(New England Biolabs, Ipswich, MA, USA) and 0.25 U shrimp alkaline 
phosphatase (Promega), with incubation at 37 °C for 30 min, then 95 °C 
for 5 min. Sequencing of PCR products was carried out by Macrogen 
(Seoul, Korea). 
Due to recombination events, identical wsp genes can be present in 
different Wolbachia strains. Baldo et al. (2006a) demonstrated that the 
analysis of more than one gene is essential to prevent 
misinterpretations of strain identity. Therefore we used the Wolbachia 
Multilocus Sequence Typing (MLST) system, involving five Wolbachia 
housekeeping genes: gatB, coxA, hcpA, ftsZ and fbpA (Baldo et al., 
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2006b; Paraskevopoulos et al., 2006). The complete MLST profile was 
then obtained for four specimens from Cairns (n=1), Mackay (n=1) and 
Brisbane (n = 2) (Table 3.1). PCRs for MLST loci were carried out using 
the general and B-group specific primers (Appendix B: Table B 4), as 
specified in the Wolbachia MLST database 
(http://pubmlst.org/wolbachia/; Jolley & Maiden, 2010) and in 
Appendix B: Table B 4. PCR amplicons were then prepared for direct 
sequencing as previously explained.  
 
3.3.4. Tests for other bacterial reproductive manipulators in 
Australian E. hecabe 
Using a PCR approach, we screened 75 E. hecabe individuals from seven 
different populations (Appendix B: Table B 2) for reproductive 
manipulators commonly found in insects using 16S or 23S rDNA 
specific primers for Rickettsia, Arsenophonus, Cardinium, Spiroplasma 
ixodetis and Spiroplasma poulsonii (Appendix: Table B 3). PCR cycling 
conditions for Arsenophonus were as described in Thao and Baumann 
(2004), and for the other bacteria as described in Appendix B (Table B 
5).  
To confirm the validity of the diagnostic tests for the endosymbionts, 
controls with established infections were included. For Spiroplasma 
poulsonii, we used Orius sauteri (Hemiptera: Anthocoridae) which is 
infected with S. insolitum closely related to S. poulsonii; and both 
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bacteria amplify with Spiroplasma poulsonii primers (Watanabe et al., 
2014). For Cardinium we used Pezothrips kellyanus (Thysanoptera: 
Thripidae) (Nguyen et al. 2015) and for Arsenophonus we used Grey 
Box Cardiaspina sp. (Hemiptera: Aphalaridae) (Hall et al. 2015). For 
Spiroplasma ixodetis and Rickettsia no positive controls were available 
(and we therefore cannot draw final conclusions about any negative 
results for these bacteria). Amplicons were checked by electrophoresis 
on a SYBR safe stained 1% agarose gel.  
Besides Wolbachia, only S. ixodetis has previously been reported as 
another reproductive manipulator in Lepidoptera (Jiggins et al., 2000b; 
Russell et al., 2012; Tabata et al., 2011). A previous PCR screening of 
S. poulsonii was negative in Japanese E. mandarina populations (Narita 
et al., 2007b). 
 
3.3.5. Analysis of mtDNA and nuclear DNA of E. hecabe and E. 
smilax 
Sequence analysis of mitochondrial COI and nuclear Ef-1α was 
performed for the 75 E. hecabe that were also screened for bacteria, 
and for all 56 E. smilax individuals (Appendix B: Table B 2). The primer 
pair for COI was LCO1490 and HCO2198 (Folmer et al., 1994), which is 
commonly used for DNA barcoding. We applied the same PCR 
conditions as in Rugman-Jones et al. (2009). The nuclear Ef-1α gene 
was amplified and sequenced using the primers ef44m (Kim et al., 
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2010) and efrcM4 (Monteiro & Pierce, 2001). Sequencing was carried 
out by Macrogen (Seoul, Korea).  
DNA sequences were trimmed and aligned using the Geneious Pro v 8.0 
(Biomatters Ltd., Auckland, New Zealand) and adjusted by eye. In order 
to exclude potential nuclear mtDNA copies (numts) or other 
pseudogenic copies of the target genes (Bensasson et al., 2001a), DNA 
sequences were checked for stop codons and frame shifts after 
translation with the invertebrate mitochondrial and standard code for 
COI and Ef-1α respectively (Bertheau et al., 2011; Rodriguero et al., 
2010). All generated sequences were deposited in GenBank (E. hecabe, 
COI:  KT273562-KT273566, Ef-1α: KT273497-KT273505; E. smilax 
COI:  KT273553-KT273561, Ef-1α: KT273534-KT273552). 
Some of the Ef-1α chromatograms had double peaks, suggesting 
heterozygosity. We compared forward and reverse sequences and then 
inferred the different allele sequences using the PHASE algorithm 
(Stephens & Donnelly, 2003) in DnaSP 5.10.1 (Librado & Rozas, 2009). 
 
3.3.6. Analysis of genetic diversity and natural selection within E. 
hecabe and E. smilax 
For both genes, we calculated a number of genetic diversity 
parameters, including number of segregating sites (S), number of 
haplotypes (h), haplotype diversity (Hd), nucleotide diversity (π) (Nei, 
1987), Watterson’s (θw) mutation parameter (Watterson, 1975) and 
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average number of nucleotide differences (k) (Tajima, 1983) in DnaSP. 
For further comparison of these descriptive diversity parameters, we 
performed analyses of S, h, Hd and π based on E. hecabe COI 
sequences obtained from prior studies in Southeast Asia (30 
individuals), Japan (four individuals) (Narita et al., 2006), and from two 
Indian COI data sets retrieved from GenBank without any available 
information about the individuals’ Wolbachia infection status (four and 
81, respectively; accession numbers KP216716 - KP216719; KJ422862 
– KJ423055). 
Differences between species and loci of all samples were tested with 
one-way ANOVA. Tukey HSD post-hoc tests were used to verify 
patterns of significance in ANOVA results. To understand the 
evolutionary relationships within Australian E. hecabe and E. smilax 
populations, haplotype networks were constructed to visualize possible 
relationships between Australian haplotypes and alleles in PopArt 
(http://popart.otago.ac.nz) by a median-joining analysis (Bandelt et 
al., 1999).  
To measure differentiation between pairs of Australian populations we 
calculated pairwise FST (Wright, 1951) for mtDNA and nuDNA genes. To 
determine diversity at the population level we conducted analyses of 
molecular variance (AMOVA) (Excoffier et al., 1992) in Arlequin 
(Excoffier & Lischer, 2010). For the ΦST calculation we applied the 
evolutionary model based on the lowest AIC values for the Find Best 
DNA Models option in MEGA 6.0 (Tamura et al., 2013). Statistical 
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significance of FST and AMOVA was assessed by comparing the 
observed value with values obtained in 10,000 permutations. 
To test for significant phylogeographic structuring of haplotypes, we 
compared the average GST (based on haplotype frequencies) to NST 
(based on haplotype frequencies and distance between haplotypes), as 
described by Pons and Petit (1996) using DnaSP (Librado & Rozas, 
2009). Significantly higher NST than GST values would indicate 
phylogeographic structuring.  
Deviations from selective neutrality were tested using Tajima’s D 
(Tajima, 1989b), Fu’s FS (Fu 1997) and Ramos-Onsins’ R2 (Ramos-
Onsins & Rozas, 2002) in DnaSP.  Statistical significance was assessed 
by comparing the observed value with values obtained in 10,000 
coalescent simulations in DnaSP. To test for positive selection we 
compared the number of synonymous substitutions per site (dS) and 
the number of nonsynonymous substitutions per site (dN) using the 
Nei–Gojobori method (Nei & Gojobori, 1986) in MEGA. We tested the 
hypothesis dN = dS using a codon based Z-test and calculated the 
significance level for dN  dS (rejection of selective neutrality), dN > dS 
(positive selection) and dN < dS (purifying selection).  
To test whether Australian E. hecabe mtDNA diversity was reduced 
when compared to E. smilax, we performed a Hudson, Kreitman and 
Aguadé (HKA) test (Hudson et al. 1987), which measures whether the 
divergence between two species correlates with within-species 
polymorphism at two loci. This was performed in DnaSP using the 
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“direct mode” and selecting “Y chromosome” as the chromosome 
location for mitochondrial COI sequences to compensate for their 
haploid, uniparental inheritance. 
 
 
3.4.1. Screening for Wolbachia infections in natural populations 
of E. hecabe and E. smilax 
Based on wsp screening, all 675 E. hecabe adults were infected with 
wCI, but none were infected with wFem. None of the 56 E. smilax 
individuals were infected with Wolbachia. This allowed the use of E. 
smilax as an uninfected sister taxon of E. hecabe for further 
comparative analyses about the impact of Wolbachia on population 
genetic structures of mtDNA. 
 
3.4.2. Wolbachia strain characterisation 
Cloning of amplicons from seven individuals of four different 
populations, and sequencing of 26 wsp clones, revealed that all 
specimens had a single wsp sequence (Table 3.1), wsp-10, which had 
previously been isolated from Japanese E. hecabe and E. mandarina 
(Narita et al., 2011). Direct sequencing of the MLST marker genes from 
four individuals revealed clear chromatograms. All four MLST profiles 
were identical with the sequence type designation ST-41 of the wCI 
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strain of Japanese E. hecabe and E. mandarina. This ST is particularly 
common in Lepidoptera; of 33 ST-41 isolates in the MLST database, 29 
are found in lepidopterans from all continents but Europe. 
 
Table 3.1. wsp and MLST allele profiles of Wolbachia strains in seven and four Australian 
Eurema hecabe individuals, respectively. 
Id 
Super 
group 
wsp 
(clones) 
MLST genes 
ST 
gatB coxA hcpA ftsZ fbpA 
C17 B 10 (5) 39 14 40 36 4 41 
Br2 B 10 (2) 39 14 40 36 4 41 
Br3 B 10 (1) 39 14 40 36 4 41 
MY7 B 10 (5) 39 14 40 36 4 41 
C7 B 10 (3) - - - - - - 
GN2 B 10 (5) - - - - - - 
GN3 B 10 (5) - - - - - - 
*number of sequenced clones in brackets 
 
3.4.3. Absence of other bacterial reproductive manipulators in 
Australian Eurema hecabe 
The screening for other bacterial symbionts did not reveal any 
infections other than Wolbachia in Australian E. hecabe. For the three 
bacteria for which positive controls were available (S. poulsonii, 
Cardinium and Arsenophonus), we consistently observed strong bands 
of the correct size for the positive controls while all E. hecabe samples 
were negative. We therefore concluded that Australian E. hecabe is not 
infected by these bacterial insect endosymbionts that can manipulate 
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sex ratios in some of their arthropod hosts. All samples were also 
negative for S. ixodetis and Rickettsia, however no positive controls 
were available for these, and therefore this will require further testing 
in the future. 
 
3.4.4. Genetic diversity within E. hecabe and E. smilax populations 
The 573 bp alignment of all COI sequences did not reveal stop codons 
or mutations that would alter the reading frame, therefore we excluded 
numt amplifications for E. hecabe and E. smilax. The COI alignment of 
the 73 E. hecabe of seven populations (Appendix B: Table B 2) 
contained four segregating sites that defined five haplotypes, with 
three major haplotypes represented by 31, 21 and 19 individuals and 
the other two haplotypes were only single occurrences. The average 
genetic distance between these five haplotypes was 0.318 ± 0.14 % 
(Appendix B: Table B 7).  
The COI alignment of the 51 E. smilax sequences (Appendix B: Table B 
2) contained eight segregating sites and nine haplotypes with one 
common haplotype found in 74.5 % of the individuals (Table 3.2). The 
average genetic distance (Appendix B: Table B 8) was similar to E. 
hecabe, but Hd and π were significantly lower in E. smilax than in E. 
hecabe (Table 3.2), while Watterson’s mutation parameter θw was 
significantly higher in E. smilax.  
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The 680 bp alignment of all E. hecabe and E. smilax Ef-1α sequences 
revealed no stop codons or indels. We successfully amplified Ef-1α 
from 71 E. hecabe specimens, resulting in 142 predicted allele 
sequences (Appendix B: Table B 2) showing eight segregating sites, 
which defined nine alleles, with the most common allele accounting for 
47 % of variation and two other common alleles accounting 22.5 % and 
19 % of the variation. The average genetic distance between Ef-1α 
alleles of E. hecabe was 0.33±0.13 % (Appendix B: Table B 9) and this 
was almost identical for the COI gene of E. hecabe. Of 56 E. smilax 
specimen, we successfully amplified Ef-1α from 50, resulting in 100 
predicted E. smilax allele sequences, showing 19 segregating sites and 
19 alleles with a dominant major haplotype, which accounted for 68 % 
of the variation. In spite of the higher values for these descriptive 
parameters, only Watterson’s mutation parameter θw (Table 3.2) was 
significantly higher (p = 0.05) in E. smilax than in E. hecabe, and this 
was also seen in the COI gene.  
For E. hecabe, values for Hd, π and k of the COI gene were not different 
when compared to the values of the Ef-1α gene (Table 3.2). Only the 
Watterson’s mutation parameter θw was significantly higher (p = 0.05) 
in the nuclear Ef1-α gene. For E. smilax, gene diversity showed no 
significant differences. 
 
85 
 
Table 3.2 Genetic diversity of mitochondrial COI and nuclear Ef1-α of all Eurema hecabe and 
Eurema smilax specimens. Genetic diversity indices are presented to the left and results of 
neutrality tests to the right. 
      Diversity indices Neutrality tests 
Species Gene N S H Hd Π k θw Tajima's D Fu's Fs R2 
E. hecabe COI 71 4 5 0.685 0.00176 1.006 0.00114 0.46743 0.24113 0.126 
E. hecabe Ef-1α 73 8 9 0.693 0.00141 0.958 0.00213 -0.78601 -0.99298 0.06 
E. smilax COI 51 8 9 0.445 0.00100 0.574 0.0031 -1.84075** -7.151*** 0.041* 
E. smilax Ef-1α 50 
1
9 19 0.535 0.00113 0.765 0.0054 -2.2745*** -21.60*** 0.024* 
n = Number of E. hecabe samples; S = no. of segregating sites; h = no. of haplotypes; Hd = 
haplotype diversity; π = nucleotide diversity; k = average number of nucleotide differences; θw 
= Watterson’s mutation parameter. The results for the test for statistical significance of 
differences are only presented for the neutrality tests (*P<0.05; **P<0.02; ***P<0.001) 
 
The COI gene diversity in Australian E. hecabe was lower than in 
populations of Southeast Asia, Japan and India. India had the highest 
diversity (Table 3.3). Of the 15 Indian haplotypes, only one was shared 
with the five Australian E. hecabe. However, it needs to be noted that 
the sample set for Japanese E. hecabe was with four samples extremely 
small and Narita et al. (2006) used another region of the COI gene 
rather than the commonly used DNA barcoding region which was used 
in our study and also for the Indian dataset. All Australian, Japanese 
and 27 of the 30 Southeast Asian E. hecabe individuals were infected, 
yet infection status of Indian E. hecabe was not tested. However, 
Salunke et al. (2012) reported that only four out of nine E. hecabe 
individuals from the Indian region of Western Ghats were infected.  
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Table 3.3 Genetic diversity of mitochondrial COI Eurema hecabe 
Country COI bp n S H Hd π 
Australia 573 71 4 5 0.685 0.00176 
Southeast Asia 1051 30 23 16 0.91 0.00274 
Japan 1051 4 4 3 0.833 0.00237 
India 573 81 29 15 0.808 0.00581 
n = Number of E. hecabe samples; S = no. of segregating sites; h = no. of haplotypes; 
Hd = haplotype diversity; π = nucleotide diversity 
 
3.4.5. Population genetic structure of E. hecabe 
Overall, our analysis showed low differentiation and a lack of 
geographic structuring between populations of E. hecabe. Haplotype 
and allele networks for both loci (Figure 3.1) clearly demonstrated the 
widespread distribution of three major haplotypes and three major 
alleles in this species. 
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Figure 3.1 Median-joining networks of Eurema hecabe with five COI haplotypes (A) and with 
nine Ef1-α haplotypes (B). The sizes of the circles represent the haplotype and allele 
frequencies and different colours represent different populations as indicated by the inset 
legend. 
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Pairwise FST values between populations for COI and Ef-1α gene did not 
display significant differences in genetic structure between most of the 
populations. There were a few exceptions: for COI, the Charters Towers 
population was significantly different from most of the populations 
with only two haplotypes (Figure 3.2A), and for Ef-1α, the Brisbane 
population showed significant differences when contrasted with 
populations of Mackay and Darwin (Figure 3.2B). 
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Figure 3.2 Heat map of pairwise FST matrix of Eurema hecabe, based on the Tamura-Nei 
distance method. Significant distances (P > 0.05) are indicated with a star (*). (A) shows 
mtDNA distances and (B) shows nuDNA distances. 
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No geographical structuring of E. hecabe haplotypes was found by 
AMOVA for COI (ΦST = 0.06106, P = 0.08) or Ef-1α (ΦST = 0.01814, P 
= 0.13). Furthermore, the difference between GST (COI = 0.054, Ef-1α 
= 0.013) and NST (COI = 0.063, Ef-1α = 0.014) was non-significant (P 
> 0.05), revealing the lack of phylogeographic structure (Pons & Petit, 
1996). 
 
3.4.6. Population genetic structure of E. smilax 
Similar to E. hecabe, E. smilax lacked geographic structuring between 
populations. However, the pattern of genetic differentiation in E. smilax 
was very different; both networks were star-shaped with one major 
haplotype or allele, and many low frequency variants. This is most 
notable in the Ef-1α gene network, which included many low-
frequency variants (Figure 3.3). 
The analysis of pairwise FST values between populations of E. smilax for 
COI and Ef-1α gene provided no evidence to reject homogeneity of 
variation across populations (Figure3-4).
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Figure 3.3 Median-joining networks of Eurema smilax with nine COI haplotypes (A) and with 
19 Ef1-α alleles (B). The sizes of the circles correlate to the haplotype and allele frequencies 
and different colours represent different populations as indicated by the inset legend.  
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Figure 3.4 Heat map of pairwise FST matrix of Eurema smilax, based on the Tamura-Nei 
distance method. None of the distances were significant. (A) shows mtDNA distances and (B) 
shows nuDNA distances. 
A      mtDNA                         B                nuDNA 
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The hierarchical AMOVA analysis revealed that almost all the variation 
occurred within populations (ΦST = -0.03638, P = 0.83 for COI; ΦST = 
0.00311, P = 0.38 for Ef-1α) and not between populations. The 
difference between GST (COI = -0.0241, Ef-1α = -0.009) and NST (COI 
= -0.0028, Ef-1α = 0.0015) was non-significant (P > 0.05), and further 
supports the general lack of phylogeographic structure (Pons & Petit, 
1996). 
 
3.4.7. Comparison of selective neutrality within both Eurema 
species 
The neutrality tests based on the frequency spectrum of mutations, 
Tajima's D and Fu’s Fs and Ramos-Onsins’ R2 showed no signs of 
selection in E. hecabe (Table 3.2). However, the test identified a 
significant departure from selective neutrality in E. smilax (Table 3.2) 
for both genes. The negative test values for Tajima's D and Fu’s Fs for 
Ef-1α in E. hecabe and for both loci in E. smilax were due to an excess 
of rare nucleotide site variants relative to expectation under the neutral 
model of evolution; meanwhile, Ramos-Onsins’ R2 test values indicated 
an increased number of singleton mutations. 
A codon based Z-test, based on the relative abundance of synonymous 
and nonsynonymous substitutions, showed no departure from 
neutrality in E. hecabe but indicated a significant departure for both E. 
smilax sequence loci (Table 3.4). Nevertheless, the Z-test found 
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purifying selection and positive selection on the Ef-1α gene of E. 
smilax.  
 
Table 3.4 Test for selection was analysed by testing the null hypothesis of Ho (dN = dS), and 
when rejected, tested against the alternative hypotheses for purifying H1 (dN < dS) and positive 
selection H2 (dN > dS) using the codon-based Z-test for selection. Probability for hypothesis 
rejection was indicated by P < 0.05. 
Species Gene Neutral Purifying Positive 
  dN = dS dN < dS dN > dS 
E. hecabe COI 0.30185 - - 
E. hecabe Ef-1α 0.086 - - 
E. smilax COI 0.0063* 0.00373** - 
E. smilax Ef-1α 0.00446* - 0.002565*** 
* significance at P < 0.05 indicates rejection of neutral selection in 
favour of ** purifying selection or *** positive selection 
 
 
With the HKA test, we tested the divergence of the mtDNA and a nuDNA 
gene between E. hecabe and E. smilax by comparing polymorphisms 
and divergence in two unlinked loci. Neither species showed a reduced 
mtDNA diversity compared to nuDNA diversity (Table 3.5 ). 
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Table 3.5 Results of the HKA test for COI gene and the Ef1-α gene for Eurema hecabe and 
Eurema smilax. Both genes were used to calculate intraspecific polymorphism and 
interspecific divergence. 
 E. hecabe  E. smilax 
  COI Ef-1a   COI Ef-1a 
Total number of bp 573 680  573 680 
 
Intraspecific polymorphism data      
Segregating sites (obs1) 4 8  7 17 
Segregating sites (exp2) 3.21 8.79  7.62 16.38 
      
Interspecific divergence      
No. of differences (obs1) 49.03 36.07  49.03 36.07 
No. of differences  (exp2) 49.81 35.28  49.48 35.62 
Sum of deviation  0.242   0.061 
P value   0.6228     0.8050 
1 Observed value, 2Expected value  
 
 
Using geographically wide sampling and screening we demonstrated 
that the Wolbachia strain wCI is fixed in Australian populations of E. 
hecabe. In contrast, all E. smilax individuals screened (n = 56) were 
uninfected. Furthermore, we did not detect the wFem strain in 
Australian E. hecabe populations and demonstrated that Australian E. 
hecabe lacks other bacterial endosymbionts that are known to influence 
host reproductive biology, particularly in Lepidoptera.  
The comparison of mtDNA and nuDNA sequence data of E. hecabe did 
not reveal a clear footprint of a recent Wolbachia spread that could have 
impacted mitochondrial population genetic patterns in this host 
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species in Australia. However, the comparative analysis of the genetic 
diversity between infected E. hecabe and uninfected, but closely related 
E. smilax revealed that E. smilax had more SNPs, haplotypes and alleles. 
Unexpectedly, E. smilax had a lower haplotype and nucleotide diversity 
than E. hecabe. As expected, the nuDNA diversity was similar in the two 
species. It is generally accepted that the level of mtDNA and nuDNA 
variation can be different, as these are two different markers with 
different Ne and mutation rates. However, the difference in diversity 
patterns between species may be attributed to Wolbachia. Multiple 
horizontal transfer events of Wolbachia in E. hecabe (either interspecific 
or intraspecific) could have facilitated the spread of a few haplotypes 
but lead to the removal of rare haplotypes. The results about the two 
species comparisons of this chapter are also included in the multiple 
species comparisons of chapter 4. 
 
3.5.1. Single infection of wCI in Australian E. hecabe 
Previously, all Japanese E. hecabe were found infected with the wCI 
strain (ST-41). However, wCI was not fixed in the sibling species E. 
mandarina, with some uninfected individuals in the northern part of its 
Japanese range (Narita et al., 2006). The second strain, wFem (ST-40), 
was only found in a subset of individuals in some populations, mostly 
on small islands (Narita et al., 2007d). A Wolbachia screening of East 
Asian E. hecabe from Indonesia, Vietnam, China, Korea, Malaysia and 
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Thailand found 39 of 43 tested individuals infected with wCI and 12 of 
these co-infected with wFem (Narita et al., 2006). In Indian E. hecabe a 
third Wolbachia strain ST-156 was found that differs from ST-41 at two 
MLST loci, but still belongs to the same Sequence Type Complex 41 
(STC-41) (Salunke et al., 2012). 
In our study, all Australian E. hecabe populations were infected with 
wCI, while wFem was absent. Screening of 56 E. smilax individuals 
revealed no Wolbachia infections in this species. Based on the 
characterisation of wsp and the MLST profile the Australian E. hecabe 
is infected by a strain that is identical to the wCI strain in Japanese E. 
mandarina and Asian E. hecabe. Our study did not test whether the wCI 
strain also causes CI in Australian populations. We predict that it does 
because it is fixed in field populations, but this requires crossing 
experiments after treatment with antibiotics to remove Wolbachia as all 
wild-caught butterflies were infected. Recently, crossing experiments 
involving E. hecabe females from Cairns that were treated with 
antibiotics showed a strong CI effect with 100% embryonic mortality, 
when crossed with wCI infected E. hecabe males from Cairns (Thomson, 
2009). Our finding of fixed wCI infections in Australian E. hecabe 
populations combined with this previously observed expression of CI 
in this species suggests that this Wolbachia strain has the potential to 
invade uninfected populations. However this also depends on the 
accuracy of vertical transmission, CI strength, fecundity effects or any 
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other fitness effects (Rasgon & Scott, 2003; Riegler & Stauffer, 2002; 
Turelli & Hoffmann, 1991). 
The PCR based bacterial survey did not detect any additional bacterial 
infections in E. hecabe. While we can support these results with positive 
controls for S. poulsonii, Arsenophonus and Cardinium, we did not 
have positive controls for S. ixodetis or for Rickettsia. Irrespective of 
this, the comparative analyses of mtDNA and nuDNA also illustrated 
that it is unlikely that E. hecabe in Australia was affected by the recent 
spread of microbial reproductive manipulators.  
 
3.5.2. Genetic diversity and selection on E. hecabe and E. smilax 
The mtDNA diversity of E. hecabe was not reduced when compared to 
nuDNA diversity. This does not support our a priori prediction of 
reduced mtDNA diversity compared to nuDNA diversity for the 
Wolbachia infected species (Shoemaker et al., 2004). The higher than 
expected observed diversity in E. hecabe mtDNA could reflect an 
ancient Wolbachia infection in this species, followed by sufficient time 
for the accumulation of new mtDNA diversity through mutations. 
Alternatively, the high mtDNA diversity could be explained by multiple 
acquisitions of Wolbachia from another species or frequent 
intraspecific horizontal transfer events. 
Our finding of higher mtDNA haplotype and nucleotide diversity in E. 
hecabe compared to E. smilax was unexpected. Eurema smilax had 
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more mutations and haplotypes, however the diversity presented itself 
with a preponderance of a single very common haplotype and many 
rare genotypes, while E. hecabe had three very common haplotypes and 
not many rare haplotypes. This contradicted our initial hypothesis of 
higher mtDNA diversity in a species that is not infected by Wolbachia. 
Interestingly E. hecabe showed a few differences in genetic structure 
for COI the Charters Towers population was significantly different from 
most of the populations and for Ef-1α, the Brisbane population 
differentiated from Mackay and Darwin populations. These differences 
in genetic structure were not seen in E. smilax, which is related to the 
presence of the dominant haplotype and allele in all E. smilax 
populations. As expected, the nuclear Ef-1α genetic diversity of E. 
smilax was not significantly different to that of E. hecabe, however E. 
smilax had more nucleotide polymorphisms and alleles for the nuclear 
locus, as was also observed for its mtDNA locus (with a similar pattern 
of a single common allele and many rare alleles). The lack of rare 
haplotypes in E. hecabe, in contrast to E. smilax could be explained by 
the spread of a few Wolbachia infected haplotypes and as a 
consequence, the removal of rare uninfected haplotypes.  
One of the best studied species for which mitochondrial diversity has 
been analysed in conjunction with Wolbachia diversity is D. simulans. 
In this species, three distinct mtDNA haplogroups exist, whereby one 
of these three is very rare and restricted to several Pacific islands. 
Coincidentally this haplotype is linked with a Wolbachia strain which 
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prevents it from extinction due to the expression of bi-directional CI 
with other strains linked with the fitter haplotypes (Ballard et al., 2007; 
Ballard & James, 2004). Whilst we did not assess the fitness of the 
mtDNA haplotypes in E. hecabe, all haplotypes are linked with the same 
Wolbachia strain. The second strain found in E. hecabe and E. 
mandarina, wFem, was also found to be associated with the same 
mtDNA haplotypes as wCI singly infected individuals. Nevertheless it is 
intriguing that the strain wFem of E. mandarina was found only on 
remote islands off the Japanese coast (Narita et al., 2006). A different 
situation was found in the butterfly Hypolimnas bolina. On South Pacific 
islands, butterflies are infected with the strain wBol1 that induces MK, 
while the same strain induces CI in Southeast Asia (Charlat et al., 2005; 
Charlat et al., 2007c). Different to E. mandarina and E. hecabe, the 
different strains are associated with different mtDNA haplotypes of H. 
bolina (Charlat et al., 2009). The wBol1 strain has spread across South 
Pacific Island very recently (Hornett et al., 2009), yet in some 
populations a host repressor gene has evolved and the MK phenotype 
has been replaced by CI (Charlat et al., 2007b; Hornett et al., 2006). In 
several populations where wBol1 was absent, a second strain, wBol2 
was found which also causes CI (Charlat et al., 2006). 
The CI effect of wCI has been seen in a E. hecabe population in northern 
Queensland (Thomson, 2009), but this was not evaluated for all 
Australian populations. In the sibling species E. mandarina a high 
female bias in progeny was recorded in a Tsukuba population, however 
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these females were only singly infected with wCI (Narita et al., 2007b). 
Taking into account findings by Kern et al. (2015), it could be possible 
that the wCI strain alone or in combination with a MD element is 
involved in the sex ratio bias in the Tsukuba Eurema populations.  
A recent study compared the COI barcode region of E. hecabe collected 
from Australia, China, India, Japan, Korea, Malaysia, Papua New Guinea, 
Sri Lanka and Thailand, and found a maximum intraspecific distance of 
1.2%, but without any correlation between geographic and genetic 
distances (Ashfaq et al., 2013). Unfortunately, the study by Ashfaq et 
al. (2013) did not establish whether these populations were infected 
with Wolbachia. However, another study found Indian E. hecabe 
populations from the Western Ghats region with a Wolbachia 
prevalence of 45% (Salunke et al., 2012). A lower infection prevalence 
in Indian E. hecabe could therefore explain its higher genetic diversity.  
By comparing the COI gene diversity of our Australian E. hecabe sample 
set with Southeast Asian, Japanese and Indian samples, we found that 
diversity in Indian E. hecabe was higher than in Japanese, Australian 
and Southeast Asian populations. In a study by Narita et al. (2006), 
diversity was found to be higher in Japanese and Southeast Asian 
populations than we have found in Australian populations, but the 
Japanese study used a different and longer fragment of the COI gene 
which could possibly be more variable than the barcode region 
frequently used for Lepidoptera. The study by Narita et al. (2007b) 
found that common Asian haplotypes of E. hecabe were in the centre 
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and Japanese haplotypes were at tip positions of haplotype networks 
and therefore the latter were considered as relatively young haplotypes. 
The paper concluded that Japanese populations differentiated from 
East Asian populations and considered the continental Eurasian 
samples ancestral. Unfortunately, the Japanese E. hecabe sample size 
was too small to draw further conclusions.  
Congruence of Wolbachia and mtDNA genealogies can be used to 
support co-inheritance of an ancient infection in a species, in particular 
when using whole genomic sequencing approaches (Richardson et al., 
2012). Our study did not achieve the same genomic resolution, and this 
could explain why we did not find congruence in Australian E. hecabe 
mtDNA and Wolbachia phylogenies because only one strain was found. 
One possibility is that there is coinheritance but, over a long time 
period, mtDNA has accumulated new mutations while wsp has not. In 
parasitic Nasonia wasps it was found that mitochondrial genes evolves 
105-120 times faster than the Wolbachia genome (Raychoudhury et al., 
2010) and this could explain the lack of Wolbachia diversity in E. 
hecabe. 
Alternatively, this could be explained by multiple, independent 
infections due to horizontal transmission events (Huigens et al., 2004) 
in Australia, or even before E. hecabe expanded into Australia. While 
Wolbachia and mitochondria are maternally inherited, paternal 
transmission, or leakage of Wolbachia (Hoffmann & Turelli, 1988) and 
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mtDNA (Kondo et al., 1990) has been documented in D. simulans, and 
could also explain the multiple mtDNA haplotypes in E. hecabe.  
We applied different neutrality tests to test whether Wolbachia had an 
effect on natural selection of mtDNA, but found no evidence for 
departure of neutrality and therefore no evidence to confirm a recent 
selective sweep caused by Wolbachia. In E. smilax, different approaches 
showed conflicting results when testing for selection. Tests based on 
the frequency spectrum of mutations indicated for both COI and Ef1-α 
an excess of low frequency polymorphisms, which can be caused by 
demographic processes, such as population expansions or purifying 
selection.  
Purifying selection occurs when an essential function needs to be 
maintained, and this could be seen in the evolution of mtDNA so that 
highly important metabolic functions are being maintained (Stewart et 
al., 2008). COI is part of the respiratory complex IV and therefore a key 
enzyme in aerobic metabolism. A recent study of the monarch butterfly, 
Danaus plexippus, found strong selection on genes responsible for 
flight muscle function and flight efficiency because of its migratory 
behaviour (Zhan et al., 2014). The migration behaviour of E. smilax is 
more irregular as in E. hecabe (Smithers, 1983) and E. smilax is able to 
migrate far outside of its usual breeding location. Since mtDNA genes 
are important for respiration, energy metabolism and flight muscle 
functions, this gene may evolve under higher purifying selection in E. 
smilax, therefore it is possible that E. smilax has undergone a selective 
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sweep. Purifying selection on mtDNA has also been demonstrated in 
birds; for example, migratory warbler (Setophaga coronata) 
populations are associated with a mtDNA haplotype shown to have 
higher energy efficiency and thought to be advantageous for migrants, 
but this haplotype was absent in non-migrants (Toews et al., 2014). 
 
 
Our study revealed that all 675 Australian E. hecabe were infected with 
wCI. Based on wsp and MLST sequence data, this strain is identical to 
wCI of Japanese E. hecabe. We did not find the wFem strain, or other 
reproductive parasites, in Australian E. hecabe populations. The mtDNA 
diversity of E. hecabe was not reduced compared to its nuDNA diversity, 
which could indicate that wCI has infected this species in Australia and 
parts of Asia for a long time, or alternatively this could be explained by 
interspecific or intraspecific horizontal Wolbachia transmission. 
Nevertheless, the diversity of Australian E. hecabe was lower than in 
Indian populations, which is possibly due to a lower Wolbachia infection 
rate in India. 
Australian E. smilax was not infected with Wolbachia and had more 
haplotypes and alleles, and more SNPs in both nuclear and 
mitochondrial genes. The mtDNA genetic diversity was lower than in E. 
hecabe, while allele and nucleotide diversity was not significantly lower 
in the nuDNA gene. Individuals of E. smilax were not screened for other 
reproductive parasites, yet such other parasites could impact the 
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mtDNA diversity of E. smilax and should be tested in future research. 
The mtDNA of E. smilax evolved under purifying selection perhaps as 
an outcome of its migration behaviour that requires the maintenance 
of optimal metabolic performance and energy efficiency. In contrast to 
purifying selection on the mtDNA of E. smilax, positive selection on its 
nuDNA was detected.  
This study demonstrated that genes of the three genomes, nuclear, 
mitochondrial and bacterial, have different levels of diversity that can 
be used to trace the histories of the two species E. hecabe and E. 
smilax. This approach helps to explain the current population genetic 
structure and to interpret the evolutionary history of a host species and 
its symbionts.  
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 4 Chapter 4 
Comparison of mitochondrial, nuclear 
and Wolbachia genes of Australian 
Eurema butterfly species 
demonstrates high incidence of 
horizontal endosymbiont 
transmission
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Wolbachia bacteria are mostly maternally inherited. Mismatches of host 
mitochondrial and Wolbachia phylogenies indicate that horizontal 
Wolbachia transmission between species also occurs. The ecological 
routes for such horizontal transmission (HT), however, remain unclear. 
This study focused on Wolbachia in six of a total of seven Australian 
Eurema butterfly (Pieridae) species. These species have evolved 
different mechanisms to cope with seasonal rainfall and drought; some 
species migrate, while others enter reproductive adult diapause during 
periods without host plants. We investigated the incidence and 
prevalence of Wolbachia in these species and then characterised their 
Wolbachia strains to identify any HT. We also analysed the 
mitochondrial COI and nuclear Ef-1α genes of all species to resolve the 
effects of Wolbachia, migration and diapause behaviour on genetic 
diversity. Furthermore, we assessed the current phylogenetic 
placement of Australian Eurema by using the genetic information 
obtained from our study.  
All E. brigitta and E. hecabe individuals were infected with Wolbachia. 
Lower Wolbachia prevalence was found in E. alitha and E. laeta. Eurema 
herla (except for one out of 69 individuals) and all E. smilax were 
uninfected. Wolbachia strains were characterised for a subset of 27 
individuals. Individuals of E. alitha, E. hecabe, E. laeta, and one 
individual of E. brigitta were infected with the same Wolbachia strain. 
Two other E. brigitta individuals were infected with a different strain. 
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The presence of identical strains in four species suggests recent HT 
events. As some of these species are monophagous on different host 
plants, it is unlikely that host plants were a key factor in HT between 
species of this genus. It is more likely that Wolbachia was vectored by 
other interacting species such as parasitoids. The COI diversity was 
lower in Wolbachia infected than uninfected species. In contrast, the 
nuclear diversity was higher in diapausing species than species with 
migratory behaviour. Analysis of all COI and Ef-1α sequences of this 
study and published data of other Eurema indicated that the 
phylogenetic placement of Australian Eurema within the genus Eurema 
needs to be reviewed. 
 
4.2 Introduction 
Wolbachia (Alphaproteobacteria) is a common endosymbiotic 
bacterium of invertebrates and filarial nematodes, and infects about 52 
% of all arthropod species (Weinert et al., 2015). It can manipulate host 
reproductive systems, with cytoplasmic incompatibility (CI) being the 
most common mechanism (Werren et al., 2008). Because of this 
capacity to manipulate host reproduction, Wolbachia is often regarded 
as a reproductive parasite. As a maternally transmitted, obligately 
intracellular bacterium, it infects the germline of its hosts, ensuring a 
high vertical transmission rate to host offspring (Frydman et al., 2006). 
However, maternal transmission in host cytoplasm cannot explain the 
common observation of closely related Wolbachia strains in 
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phylogenetically distant hosts (Schilthuizen & Stouthamer, 1997; 
Werren et al., 1995), nor the existence of divergent strains in the same 
host species (Charlat et al., 2006). Such mismatches of host 
mitochondrial and Wolbachia phylogenies indicate that horizontal 
Wolbachia transmission (HT) between different host species must occur 
frequently (Baldo et al., 2008; Shoemaker et al., 2002; Vavre et al., 
1999; Werren et al., 2008).  
In order to move from one host species to another, Wolbachia must 
pass ecological, physiological and population dynamic barriers to 
establish itself within a new host species (Combes, 2001; Riegler et al., 
2004; Vavre et al., 2003). The ecological basis of HT is likely a close 
interaction between the infected and the new host species. After the 
initial transmission, Wolbachia has to adjust to the cellular environment 
of the new host. To ensure strong vertical transmission, Wolbachia has 
to infect its host’s germline via the somatic stem cell niche (Frydman et 
al., 2006). To invade and maintain itself in the new host population, 
Wolbachia must also provide a reproductive advantage for infected 
females, such as a strong CI effect (Turelli & Hoffmann, 1995), or 
alternatively other fitness benefits (Kriesner et al., 2013). 
While horizontal Wolbachia transmission has been documented, its 
actual success rate in leading from the first contact of a Wolbachia 
strain with a new host species to the establishment of an inherited 
Wolbachia strain in a new species is less clear (Morrow et al., 2015). 
Even when HT is initially achieved, Wolbachia often fails to establish 
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itself in the new host and can be lost after several generations (Heath 
et al., 1999; Huigens et al., 2004). Wolbachia transinfection 
experiments via microinjection into eggs were more successful among 
closely related species (Boyle et al., 1993; McMeniman et al., 2008; 
Riegler et al., 2004) and less successful for more distantly related 
species. For the latter, success of establishment was increased after 
Wolbachia was pre-adapted to the new target host e.g. through 
continuous serial passage in tissue culture (McMeniman et al., 2009).  
These findings from microinjection experiments suggest that, in 
ecological terms, successful HT may occur more frequently between 
closely related species, e.g. between species of the same genus (Jiggins 
et al., 2002; Zug et al., 2012). This could be related to the 
preadaptation of the cytoplasmic Wolbachia to the cell environment and 
genetic background of the host (Heath et al., 1999; Vavre et al., 1999). 
For example, several Australian Bactrocera fruit flies were found to 
share the same Wolbachia strains; however, some Wolbachia strains 
were also shared between fruit fly species and their parasitoids (Morrow 
et al., 2014a) from another insect order (Hymenoptera). This view that 
there may be a phylogenetic signal of host shift permissiveness and 
that such host shifts occur more readily between closely related than 
distantly related species may be more widely applicable, e.g. for virus 
incidence, prevalence and virulence across Drosophila species 
(Longdon et al., 2015). 
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Besides HT, two other mechanisms could also result in different host 
species sharing the same or similar Wolbachia strains; hybrid 
introgression between two closely related species, and codivergence of 
Wolbachia with their hosts (Raychoudhury et al., 2009). 
Eurema butterflies have previously been reported to be infected with 
Wolbachia (Hiroki et al., 2004; Kern et al., 2015; Narita et al., 2011; 
Salunke et al., 2012). The sibling species E. hecabe and E. mandarina 
are infected with wCI, a CI inducing strain of the B supergroup, and 
individuals of some populations are co-infected with wCI and wFem, 
another B supergroup strain. The latter strain causes female-biased 
offspring sex ratios in both species (Hiroki et al., 2002; Narita et al., 
2011). Narita et al. (2006) suggested that wCI had switched from E. 
hecabe to E. mandarina by hybrid introgression, and this interpretation 
is based on the linkage of wCI with shared mitochondrial haplotypes in 
infected E. hecabe and E. mandarina, while uninfected E. mandarina 
individuals carry different haplotypes. In contrast, it is still unclear 
whether wFem was transferred independently by hybrid introgression, 
or wCI and wFem were co-transferred from E. hecabe to E. mandarina 
(Narita et al., 2011). Eurema laeta from Korea has also been found to 
harbour both wCI and wFem (Choi et al., 2015), and it is not known 
whether wFem biases the sex ratio of this species also. Another 
specimen of E. laeta collected in India was found infected with a 
different B supergroup Wolbachia strain (Salunke et al., 2012).  
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In a recent survey we found that Australian E. hecabe is infected with 
wCI and not infected with wFem, while E. smilax is uninfected (Kern et 
al. 2015; chapter 3). In addition to both species, five other Eurema 
species occur in Australia. While E. hecabe and E. smilax have wide 
geographic ranges, from the tropics to temperate regions, E. alitha, E. 
brigitta, E. herla are only found in the tropics and subtropics. Eurema 
laeta is the only species restricted to the tropical regions of Australia. 
Eurema puella only occurs in the remote rainforests of the Iron Range 
in Northern Queensland (however this last species was not included in 
this study).  
The Australian Eurema species have different strategies to cope with 
the Australian rainfall patterns and their unpredictability. Eurema 
brigitta, E. hecabe and E. smilax are opportunistic migrants that during 
dry periods disperse towards more favourable habitats with sufficient 
larval food plants. In contrast, both E. herla and E. laeta adults undergo 
a reproductive diapause as an adult. In E. herla this diapause is induced 
by photoperiod. Although this species generally does not migrate, it 
can temporarily extend its southern range if the conditions are 
unfavourable during its breeding time (Jones & Rienks, 1987). In 
contrast, E. laeta exhibits a more flexible reproductive diapause that is 
driven by rainfall patterns, and it does not display migratory behaviour. 
The behaviour of Australian E. alitha is not yet documented because 
the occurrence of this species has only more recently been detected, 
and it is morphologically very similar to E. hecabe (Braby, 1997). Its 
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larvae have so far only been recorded on Glycine tabacina (Fabaceae). 
Larvae of E. brigitta, E. herla and E. laeta are also monophagous and 
share the same host plant, Chamaecrista mimosoides (Fabaceae), and 
often co-occur in the same habitat. In contrast, E. hecabe and E. smilax 
are polyphagous on a variety of plant species of Fabaceae and 
Euphorbiaceae, but neither species can develop on C. mimosoides. 
The genus Eurema is divided into two subgenera, Eurema and Terias 
(Yata, 1989). In a revision of the Old World species of the genus Eurema, 
Yata (1989) disagreed with the previous placement of all Old World 
Eurema species into the subgenus Terias (Klots, 1933). The subgenus 
Terias comprises 29 species and occurs exclusively in the tropics and 
subtropics of Africa, Asia and Australasia, and this groups includes the 
Australian species E. alitha, E. hecabe, E. puella and E. smilax (Yata, 
1989). However, four species (E. brigitta, E. desjardinsii, E. herla and E. 
laeta), found in Africa, Asia and Australasia, were placed into the 
subgenus Eurema, together with 37 species that occur in America. Yata 
(1989) considered that the ancestor of subgenus Eurema originated 
from the Old World tropics and then differentiated in the New World. 
The four species of subgenus Eurema in the Old World resemble 
therefore relict species of this subgenus. 
Here we studied field-sampled Australian Eurema butterflies to 
evaluate the incidence and prevalence Wolbachia. We characterised 
Wolbachia strains using the Wolbachia surface protein gene wsp (Braig 
et al., 1998) and the five Multi Locus Sequence Typing (MLST) marker 
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genes (Baldo et al., 2006b). Additionally, we analysed host genetic 
diversity of three species, E. brigitta, E. herla and E. laeta, using 
mitochondrial and nuclear loci and compared these sequence data with 
the E. hecabe and E. smilax sequence data that were previously 
collected (Chapter 3).  
We tested whether these butterfly species shared similar or identical 
Wolbachia strains. We hypothesised that shared host plants would 
present an opportunity for interspecific HT of Wolbachia between 
closely related species. In contrast, Wolbachia strains shared among 
species with different host plants would indicate that HT was more 
likely to be mediated by a third species that interacts with both species 
(e.g. a parasitoid species). Alternatively, if Wolbachia moved between 
species by hybridisation and introgression, then this would result in the 
sharing of both Wolbachia infections and mitochondrial lineages 
between species. Therefore, we also looked for any potential 
discordance between mitochondrial and nuclear gene genealogies. 
Finally, Wolbachia could co-diverge with host species, in which case 
this would have to be seen in congruence of Wolbachia and host 
phylogenies within this genus.  
Previous studies have shown that Wolbachia infected species have 
lower mitochondrial DNA (mtDNA) diversity than closely related species 
that are uninfected (Shoemaker et al., 2004; Shoemaker et al., 1999). 
We therefore predicted lower mtDNA diversity in infected species than 
in uninfected species. Furthermore, as insect species with high 
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migration rates usually have higher gene flow among populations than 
non-migratory species (Peterson & Denno, 1998), we expected lower 
genetic differentiation among populations of the highly migratory 
species. We also expected the effect of Wolbachia in reducing mtDNA 
diversity to be stronger than any effects of migration behaviour on 
nuDNA. In contrast, nuDNA diversity should not be impacted by 
Wolbachia. Furthermore, we expected that nuDNA would be higher in 
the species with lower migration rates (E. laeta and E. herla). Using 
published data from other Eurema species we also tested if the 
phylogenetic placement of Australian Eurema conforms to previous 
taxonomic studies based on morphological criteria (Yata, 1989). The 
phylogeny will show whether the three Australian Eurema species of the 
subgenus Eurema are indeed more closely related to American species 
of the subgenus Eurema or more closely related to other Australian 
species of the subgenus Terias. 
 
 
4.3.1 Sample collection and DNA extraction 
For this study, DNA was extracted from 113 adult Eurema males and 
females of E. alitha, E. brigitta, E. herla and E. laeta that were collected 
from several locations in Australia (Northern Territory, Queensland, 
New South Wales, Victoria and South Australia) and Timor-Leste 
between 2011 and 2014 (Appendix C: Table C 1). Prior to DNA 
extraction, wings were removed and stored for further identification of 
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species and sex, while the rest of the body was submerged in absolute 
ethanol and stored at -20 ℃ until DNA extraction. Included were also 
75 E. hecabe and 56 E. smilax that were analysed for the mitochondrial 
and nuclear marker genes in Chapter 3. For phylogenetic analysis we 
also included four specimens of E. mandarina from Tanegashima 
Island, Japan and one E. simulatrix specimen from Tioman Island, 
Malaysia. 
Genomic DNA was extracted from thoracic muscle tissue, to reduce the 
risk of false negatives that can occur when using legs (Duron et al., 
2008). For Wolbachia screening DNA was extracted using Chelex® 100 
(Sigma-Aldrich, St Louis, MO). The thoracic muscle tissue of individuals 
was transferred to 98 µL of 5 % Chelex solution and 2 µL of proteinase 
K (20 mg/mL) and was ground in 1.5 ml microcentrifuge tubes with 
microtube pestles (Scientific Specialities Inc., Lodi, CA). Samples were 
incubated at 56 °C for 35 min, then heated to 96 °C for 15 min and 
finally centrifuged for 5 min at 13,000 rpm.   
Samples that were used for sequencing of wsp, MLST, mitochondrial 
cytochrome oxidase I (COI) and the nuclear elongation factor-1 alpha 
(Ef-1α) genes, were homogenised and then extracted using the 
GenElute™ Mammalian Genomic DNA Miniprep Kit (Sigma-Aldrich) 
according to the manufacturer’s protocol. 
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4.3.2  Wolbachia screening 
All Eurema butterflies (Appendix C: Table C 1) were screened for 
Wolbachia with PCR assays using wsp gene primers (Braig et al., 1998) 
(Appendix C: Table C 2). One wCI positive E. hecabe specimen from 
Queensland was included as positive control (Kern et al., 2015), and a 
no-template control (NTC) as negative control. 
Butterflies were classified as uninfected if two attempts to amplify wsp 
failed, but PCR of COI was successful (Appendix C: Table C 3).  
 
4.3.3  Wolbachia strain characterisation 
The Wolbachia strains were characterised from a total of 20 individuals; 
five E. brigitta, seven E. laeta, one E. herla, three E. alitha and four E. 
mandarina (Table 4.2). Furthermore, Wolbachia from seven individuals 
of E. hecabe has previously been analysed in Chapter 3. 
Characterisation of Wolbachia involved either direct-sequencing of wsp 
amplicons using the 81F and 691R primer pair, or cloning and 
sequencing of these PCR amplicons.  All chromatograms were manually 
inspected for absence of any double peaks and ambiguous sites that 
may be indicative of multiple infections. 
For cloning, amplified wsp PCR products (3 µl) were ligated into a 
pGEM-T Easy Vector (Promega) according to the manufacturer’s 
protocol. Ligated plasmids were transformed into JM109 High 
Efficiency Competent Cells (Promega, Madison, WI, USA). 
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Transformation products were plated onto LB plates that were prepared 
with ampicillin, IPTG and X-Gal (Morrow et al., 2014a). Five colonies 
with the insert (white) were selected per plate and transferred into 20 
µl colourless 5 × GoTaq reaction buffer (Promega). After a heating step 
at 98 °C for 10 min, 1 µl was used in a colony PCR (Appendix C: Table 
C 3) with SP6 and T7 promoter primers. PCR amplicons were prepared 
for sequencing by ExoSap treatment, with incubation at 37 °C for 30 
min, and heating to 95 °C for 5 min. PCR products were sequenced by 
Macrogen (Seoul, Korea). 
It was previously found that Wolbachia strains frequently recombine, 
therefore analysis of multiple genes is essential to prevent 
misidentification of Wolbachia strains (Baldo et al., 2006a). 
Consequently, Wolbachia strains were characterised by sequencing five 
MLST loci: gatB, coxA, hcpA, ftsZ and fbpA (Baldo et al., 2006b). PCR 
was carried out using the general and B-group specific primers as 
specified in the Wolbachia MLST database 
(http://pubmlst.org/wolbachia/; Jolley & Maiden, 2010). PCR protocols 
are detailed in Appendix C: Table C 3. Preparation of PCR amplicons for 
direct sequencing was done as explained previously.  
For phylogenetic analysis of the wsp and MLST genes, substitution 
models were selected using the Find Best DNA Model (ML) in MEGA v. 
6.06 (Tamura et al., 2013), and the model based on the lowest 
corrected AIC values was selected. Recombination within and across 
the concatenated MLST gene sequences was tested using the programs 
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GENECONV (Padidam et al., 1999) and MaxChi (Smith, 1992) in the 
RDP4 package (Martin et al., 2015). Maximum Likelihood (ML) 
phylogenetic analyses were also performed in MEGA as there were too 
few informative positions to generate a highly resolved tree using 
Bayesian interference. The robustness of the inferred tree topology was 
determined by non-parametric bootstrapping with 1,000 replicates.  
 
4.3.4 Sequencing of mitochondrial and nuclear DNA markers 
Mitochondrial COI gene diversity were analysed using the barcoding 
primer pair LCO1490 and HCO2198 (Folmer et al., 1994) with the same 
PCR conditions as in Rugman-Jones et al. (2009). A fragment of Ef-1α 
was sequenced using the primers ef44m (Kim et al., 2010) and efrcM4 
(Monteiro & Pierce, 2001), with the detailed PCR conditions listed in 
Appendix C: Table C 4.  Sequences were trimmed and aligned using 
Geneious Pro v 8.0 (Biomatters Ltd., Auckland, New Zealand 
http://www.geneious.com/) and final adjustments to alignments were 
made by eye. Sequences were checked for the presence of stop codons 
and frame shifts by translation into amino acid sequences using the 
invertebrate mitochondrial code (Bertheau et al., 2011; Rodriguero et 
al., 2010). This was done in order to avoid the inclusion of nuclear 
mitochondrial pseudogenes (numts) (Bensasson et al., 2001b). All 
generated sequences where deposited in GenBank (see Appendix C  
Table C 1). 
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Some Ef-1α chromatograms had up to six nucleotide positions with 
double peaks, which suggested heterozygosity. For these individuals 
allele sequences were reconstructed by comparing forward and reverse 
sequences and haplotypes were then inferred using the algorithms 
provided in PHASE (Stephens & Donnelly, 2003) as implemented in 
DnaSP 5.10.1 (Librado & Rozas, 2009). 
 
4.3.5 Genetic diversity and neutral selection in Eurema 
To infer the effect of migration behaviour and Wolbachia infections on 
mtDNA and nuDNA diversity of the different Eurema, diversity statistics 
and neutrality tests were calculated for E. brigitta, E. herla and E. laeta. 
Eurema alitha was not included because of its low sample size. For 
comparison the E. hecabe and E. smilax dataset, analysed in Chapter 3, 
was also included. 
Diversity statistics were calculated for all sequenced genes in DnaSP, 
and this analysis included number of segregating sites (S), number of 
haplotypes (h), haplotype diversity (Hd), nucleotide diversity (π) (Nei, 
1987). The differences between species and genes for Hd, π and mean 
distance were tested using one-way ANOVA, assuming a normal 
distribution of errors and homogenous variance. Tukey HSD post-
hoc tests were performed to examine if groups were significantly 
different from each other. To explore evolutionary relationships, 
haplotype networks that visualize possible relationships between 
haplotypes and alleles were constructed in PopArt 
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(http://popart.otago.ac.nz) using a median-joining analysis (Bandelt et 
al., 1999). 
To detect if the frequency spectrum of SNPs (single nucleotide 
polymorphism) in the Eurema species was significantly different than 
predicted by the neutral model of molecular evolution, selective 
neutrality tests were performed. To test for deviations from neutrality 
Tajima’s D (Tajima, 1989b) and Fu’s FS (Fu, 1997), as well as Ramos-
Onsins’ R2 (Ramos-Onsins & Rozas, 2002) were calculated in DnaSP. 
Significant P-values (< 0.05) were generated using 10,000 coalescent 
simulations in DnaSP. 
Under neutrality, test values are expected to be zero. Negative values 
highlight an overrepresentation of low-frequency variants, which can 
be caused by population extensions, recent selective sweeps or a recent 
population bottleneck.  In contrast, significant positive values indicate 
low levels of both low- and high-frequency polymorphisms, indicating 
a recent decrease in population size or balancing selection (Shoemaker 
et al., 2004; Tajima, 1989a). 
To test for positive selection the ratio of synonymous to 
nonsynonymous substitutions was compared. The number of 
nonsynonymous substitutions per nonsynonymous site (dN) and the 
number of synonymous substitutions per synonymous site (dS) was 
estimated using the Nei–Gojobori method (Nei & Gojobori, 1986) in 
MEGA. The hypothesis of dN = dS was tested using a codon based Z-
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test. The significance level for dN dS (rejection of selective neutrality), 
dN > dS (positive selection) and dN < dS (negative or purifying selection) 
was calculated. P-values < 0.05 were considered significant and the 
variance of the difference was computed using the bootstrap method 
(10,000 replicates). 
 
4.3.6  Phylogenetic analysis of mtDNA and nuDNA  
For the phylogenetic analysis all sequenced haplotypes and alleles of 
the genetic diversity analysis of E. brigitta, E. herla and E. laeta were 
used. The COI and the Ef-1α gene of E. alitha, E. mandarina and E. 
simulatrix were also sequenced, and sequences of the Eurema 
subgenus Terias (E. ada, E. andersoni, E. blanda, E. sari sodalis, E. 
puella) and subgenus Eurema (E. albula, E. boisduvaliana, E. daira, E. 
lisa, E. mexicana, E. nicippe, E. xanthochlora) were taken from 
GenBank. For comparison, sequences of several other pierid butterflies 
(Wahlberg et al., 2014) were also included, and phylogenetic trees were 
rooted using the pierid Colias erate.  
All DNA sequences were trimmed and edited in Geneious. Substitution 
models were selected based on corrected AIC values using 
jModelTest  v0.1.1(Guindon & Gascuel, 2003; Posada, 2008), which 
calculated the lowest corrected AIC values for GTR+G+I for COI and 
T92+G for Ef-1α. Bayesian inference phylogenies were constructed in 
MrBayes 3.2 (Ronquist et al., 2012) with a maximum run length of 107 
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generations with a sample frequency of 100. The first 25 % of trees 
were discarded, and a 50 % majority rule consensus tree was generated. 
 
 
4.4.1 Screening for Wolbachia infections in natural Eurema 
populations 
We screened 113 Eurema DNA extracts for the presence of Wolbachia 
using wsp primers. All E. brigitta individuals were infected (Table 4.1). 
Infection prevalence was lower in E. laeta (41.2 %; Table 4.1) and E. 
alitha (44.4 % Table 4.1). Whereas both Australian E. alitha individuals 
were infected, only two out of seven specimens from Timor-Leste were 
infected. For E. herla only one out of 69 tested individuals was infected. 
We therefore considered E. herla as uninfected for the purpose of this 
study, as it is possible that the strain found in the one individual is just 
a somatic infection that is not inherited and not representative for the 
E. herla population (also see Morrow et al. 2015). However the wsp 
sequence was still included in the wsp gene phylogenetic tree, Figure 
4.1. The E. simulatrix specimen from Tioman Island was also uninfected 
(Table 4.1). All E. hecabe were infected while all E. smilax were 
uninfected (Chapter 3). 
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Table 4.1 Wolbachia prevalence in Eurema. 
Species n Wolbachia positive % infected 
E. alitha 9 4 44.4 
E. brigitta 18 18 100 
E. hecabe  685 685 100 
E. herla 69 1 1.4 
E. laeta 17 7 41.2 
E. simulatrix 1 1 100 
E. smilax 56 0 0 
 
4.4.2 Sequence analysis of wsp 
Sequences of wsp were derived from cloned PCR amplicons and from 
directly sequenced amplicons (Table 4.2). wsp of all E. brigitta and E. 
laeta were identical to wsp-10 allele of wCI from E. hecabe and E. 
mandarina. We sequenced four clones each of both Australian E. alitha 
specimens which also had wsp-10, but one clone from each specimen 
had a second allele that differed by only one synonymous transition. 
The sequence of the infected E. herla individual was identical to allele 
wsp-116, which differs by 16.5 % from wsp-10 of wCI. However, wsp-
116 is only 2.32 % different from wsp-64 of the wFem strain of E. 
mandarina (Figure 4.1). 
125 
 
 
Figure 4.1 Phylogenetic tree based on the wsp genes (499 bp) constructed by maximum 
likelihood (Model GTR+I). Host names of sequences isolated in this study are in bold. 
Outgroup species from other known Wolbachia supergroups were downloaded from the MLST 
database and are listed by host and sequence type. Numbers at nodes represent bootstrap 
values (1,000 replicates) > 50 %. Scale bar represents number of nucleotide substitutions per 
site. 
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4.4.3 MLST Wolbachia characterisation 
We used the MLST scheme to further characterise the Wolbachia strains 
of the five Eurema species by direct amplicon sequencing.  Manual 
inspection of sequence chromatograms did not reveal any ambiguous 
peaks that would indicate multiple infections. We found ST-41 (wCI of 
E. hecabe and E. mandarina) in two individuals of Australian E. alitha, 
and in one individual each of E. laeta and E. brigitta (Figure 4.2). In two 
different E. brigitta individuals (Figure 4.2) we detected Wolbachia ST-
125, and this ST was also found in one E. herla specimen. We did not 
find the ST-149 that had previously been found in Indian E. laeta 
(Salunke et al., 2012) or ST-40 (wFem) which causes female-bias in 
Japanese E. hecabe (Narita et al., 2011). Recombination analysis of 
concatenated MLST sequences did not indicate that recombination 
events occurred in any of the STs used in this study. 
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Figure 4.2 Phylogenetic tree based on concatenated MLST genes (2,079 bp) constructed by 
maximum likelihood (Model GTR+G). Sequence types (ST) detected in this study are kept in 
bold, while the tree also includes other ST that were described in other studies. Outgroup 
species from other known Wolbachia supergroups were downloaded from the MLST database 
and are listed by host and sequence type. Numbers at nodes represent bootstrap values 
(1,000 replicates) > 50 %. Scale bar represents number of nucleotide substitutions per site.
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Table 4.2 MLST and wsp alleles (numbers in brackets represent number of clone sequences) 
from five Eurema species. 
Species 
Sample 
id 
Wsp MLST genes 
ST 
Host 
mtDNA 
haplotype   gatB coxA hcpA ftsZ fbpA 
E. alitha A1 10 (4) 39 14 40 36 4 41 ali1 
A1 †new (1) 39 14 40 36 4 41 ali1 
A2 10 (4) 39 14 40 36 4 41 ali2 
A2 †new (1) 39 14 40 36 4 41 ali2 
K358028 10 - - - - - - - 
E. brigitta B1 10 (4) 4 14 40 73 4 125 bri1 
B2 10 (4) 39 14 40 36 4 41 bri1 
B4 10 (4) 4 14 40 73 4 125 bri1 
13.23 10 (5) - - - - - - bri1 
K358031 10 - - - - - - bri1 
E. hecabe ID: 219 10 102 14 29 36 42 157 - 
ID: 223 - 102 14 100 36 4 156 - 
C17 10 39 14 40 36 4 41 hec3 
MY7 10 39 14 40 36 4 41 hec2 
Br2 10 39 14 40 36 4 41 hec3 
Br3 10 39 14 40 36 4 41 hec1 
C7 10 - - - - - - hec2 
GN2 10 - - - - - - hec3 
GN3 10 - - - - - - hec2 
E. herla 20.6 116 (5) 4 14 40 73 4 125 her3 
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E. laeta ID: 224 - 9 80 100 8 156 149 - 
13.56 10 (4) 39 14 40 36 4 41 lae1 
2.47 10 (5) - - - - - - lae1 
2.49 10 - - - - - - lae2 
4.1 10 - - - - - - lae1 
13.55 10 - - - - - - lae1 
13.59 10 - - - - - - lae1 
K358027 10 - - - - - - lae2 
E. mandarina ID: 199 10 39 14 40 36 4 41 - 
ID: 200 64 38 38 29 35 42 40 - 
TI1.31 10 - - - - - - man2 
TI63.20 10 - - - - - - man1 
TI27.29 10 - - - - - - man1 
TI61.5 10 - - - - - - man2 
† clone sequences with 1 mutation to wsp-10; the number of sequenced clone sequences is listed in 
brackets; K358027, K358028 K358031 were isolated from individuals provided by the Australian Museum, 
Sydney; isolates ID: 199 (wCI) 200 (wFem) (Narita et al., 2007c); ID 219, 223 and 224 (Salunke et al., 
2012) are taken from the MLST database. 
 
 
4.4.4 Genetic diversity of Eurema butterflies 
We analysed the genetic diversity of COI and Ef-1α of E. brigitta, E. 
herla and E. laeta and compared their diversity to the more extensive 
datasets of E. hecabe (n=75) and E. smilax (n=56), presented in 
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Chapter 3. We did not analyse the genetic diversity of E. alitha because 
of the low sample number. 
Sequence analysis of a 573 bp fragment of the COI gene from 42 
individuals of the three species, E. brigitta (n=16), E. herla (n=13) and 
E. laeta (n=13) did not reveal stop codons and ambiguous sites. The 
COI gene of the three Wolbachia infected species, E. brigitta, E. laeta 
and E. hecabe showed fewer segregating sites and haplotypes than in 
the uninfected species E. herla and E. smilax (Table 4.3). The diversity 
indices Hd, and π of uninfected E. herla were significantly higher (p < 
0.0001) than of all other species (Figure 4.3).  Second highest Hd and 
π diversity was found in E. hecabe. COI diversity of E. smilax was lower 
than in E. hecabe but higher than in infected E. brigitta and E. laeta. In 
E. laeta we found only two COI haplotypes. Both COI haplotypes were 
associated with infected individuals. The haplotype networks of the 
uninfected species E. smilax and E. herla included many rare variants, 
with the difference that a main haplotype was found in 38 of 51 
sequences (74.5 %) of E. smilax while E. herla did not have a major 
haplotype that was shared by many individuals (Figure 4.4).  
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Figure 4.3 Comparison of haplotype diversity (Hd) and nucleotide diversity (π) in % between 
five Eurema species using mtDNA and nuDNA. Species with dotted bars are Wolbachia 
infected.
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Figure 4.4 Median-joining networks of COI haplotypes of the five Eurema species (top row, 
infected species; bottom row, uninfected species).
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A 680 bp fragment of Ef-1α from 42 individuals of the three species, 
E. brigitta (n=13), E. herla (n=13) and E. laeta (n=16) was analysed. 
PHASE analysis resulted in a maximum of two alleles per individual 
confirming their heterozygosity (Appendix C: Table C 1). Ef-1α of E. 
brigitta, E. hecabe and E. laeta had more segregating sites and alleles 
compared to their COI gene. The uninfected species, E. herla and E. 
smilax, had more segregating sites in Ef-1α and alleles compared to 
infected species and their own COI gene. Both allele networks of E. 
smilax and E. herla had many rare variants, with the difference that E. 
smilax had a main allele (68 % of allele sequences) (Figure 4.5). The two 
species with lower migration behaviour, Eurema laeta and E. herla, had 
a higher Hd and π diversity of the nuDNA Ef-1α gene compared to 
migrating species.  
The two Wolbachia infected species E. brigitta and E. laeta had a higher 
Hd and π (p < 0.0001) in the Ef-1α gene compared to the COI gene. In 
E. herla Hd of the Ef-1α gene was significantly higher (p < 0.001) than 
Hd of the COI gene, while no difference was seen in π. No differences 
between genes were observed for E. hecabe and E. smilax (Figure 4.3). 
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Figure 4.5 Median-joining networks of Ef-1α haplotypes of the five Eurema species (top row 
infected species, bottom row uninfected species).
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4.4.5  Comparison of selective neutrality within Eurema species 
We tested if the frequency spectrum of polymorphisms in Eurema 
species was significantly different than predicted by the neutral model 
of molecular evolution. For E. brigitta Tajima’s D and R2 showed no 
significant departure of neutrality, while Fu’s Fs was significantly 
negative for Ef-1α (Table 4.3). The R2 test, which is more sensitive for 
a small sample size (Ramírez-Soriano et al., 2008), also indicated 
neutral evolution for E. laeta in both loci. Wolbachia uninfected E. herla 
had significantly negative Fs values in both genes, while the R2 test was 
only significant for the Ef-1α gene and indicated purifying selection. 
A codon based Z-test (which compares synonymous and 
nonsynonymous substitution) showed no departure from selective 
neutrality in the infected species E. brigitta, E. hecabe and E. laeta. For 
the uninfected species E. herla and E. smilax, significant departure from 
neutrality was detected in both genes (Table 4.4). For the COI gene of 
these two species an excess of synonymous changes indicated 
purifying selection, whereas for their Ef-1α gene, excess of 
nonsynonymous changes, indicated positive selection. These results 
suggested that Wolbachia might counteract purifying selection 
pressure on the COI gene in E. brigitta, E. hecabe and E. laeta, in 
contrast to the two uninfected species (E. herla and E. smilax). 
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Table 4.3 Nucleotide polymorphisms of mitochondrial COI gene and nuclear Ef-1α gene of five analysed Eurema species. 
        Diversity indices Neutrality tests 
Species M D Gene n S h Hd π K θw Tajima's D Fu's Fs R2 
E. brigitta + - COI 16 2 3 0.342 0.00063 0.358 0.00105 -1.0379 -0.979 0.132 
   Ef-1α 13 11 11 0.714 0.00311 2.114 0.00463 -1.1039 -4.509** 0.091 
E. hecabe + - COI 71 4 5 0.685 0.00176 1.006 0.00114 0.4674 0.24113 0.126 
   Ef-1α 73 8 9 0.693 0.00141 0.958 0.00213 -0.7860 -0.992 0.060 
E. herla +/- + COI 13 9 10 0.949 0.00443 2.538 0.00506 -0.4914 -5.957*** 0.119 
   Ef-1α 15 21 15 0.848 0.00405 2.751 0.00781 -1.6840 -7.392*** 0.069* 
E. laeta - + COI 13 1 2 0.282 0.00049 0.282 0.00056 -0.2743 0.24 0.141 
   Ef-1α 8 12 9 0.908 0.0042 2.850 0.00532 -0.8095 -2.734 0.109 
E. smilax + + COI 51 8 9 0.445 0.00100 0.574 0.0031 -1.8408** -7.151*** 0.041* 
     Ef-1α 50 19 19 0.535 0.00113 0.765 0.0054 -2.2745*** -21.6*** 0.024* 
 
M = Migration behaviour, D = Diapause, n = Number of samples; S = no. of segregating sites; h = no. of haplotypes; Hd = haplotype diversity; π = nucleotide diversity; k = average 
number of nucleotide differences; θw = Watterson’s mutation parameter; *P<0.05; **P<0.02; ***P<0.001 
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Table 4.4 Test for selection was analysed by testing null hypothesis of Ho (dN = dS), and 
when rejected, tested against alternative hypothesis for purifying H1 (dN < dS) and positive 
selection H2 (dN > dS) using the codon-based Z-test for selection. Probability for hypothesis 
rejection was indicated by P > 0.05. 
Species Gene Neutral Purifying Positive 
    dN = dS dN < dS dN > dS 
E. hecabe COI 0.3019 - - 
E. brigitta COI 0.3973 - - 
E. laeta COI 0.3064 - - 
E. herla COI 0.0067 0.0026 - 
E. smilax COI 0.0063 0.0037 - 
E. hecabe Ef-1α 0.0860 - - 
E. brigitta Ef-1α 0.2006 - - 
E. laeta Ef-1α 0.8153 - - 
E. herla Ef-1α 0.0002 - 0.0001 
E. smilax Ef-1α 0.0045 - 0.0026 
* indicates significance at P ≤ 0.05 
 
 
4.4.6 Phylogenetic analysis using COI and Ef-1α  
Phylogenetic analysis was performed on 37 COI haplotypes (573 bp) 
obtained from this study and additional 38 COI Eurema sequences from 
GenBank, including the outgroup species Colias erate that was used to 
root the tree. All field-collected specimens that were morphologically 
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identified based on wing patterns also produced barcodes that were 
highly similar to previously barcoded museum specimens from the 
same species. Barcodes were not shared among these assigned species 
(except for E. hecabe and E. mandarina from Japan). Individuals of the 
two sibling species E. alitha and E. hecabe formed two distinct clades 
with a distance of 4.6 % between species and less than 1 % within 
species (Table 4.3). The GenBank sequence of E. daira grouped with the 
subgenus Terias but according to previous taxonomic analyses it 
belongs to the subgenus Eurema (Yata, 1989). The American species of 
the subgenus Eurema generally showed a high divergence to the 
African/Asian/Australasian species of this subgenus and this resulted 
in paraphyly with other species. Overall there was no clear divergence 
between the Australian species that should have clustered into the two 
subgenera Eurema and Terias. All Australian species clustered into one 
clade that included Australian species of the subgenera Terias and 
Eurema (but also E. daira from America and Leptosia nina). This 
grouping was different from the American species of subgenus Eurema. 
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Figure 4.6 Bayesian Inference phylogenetic tree (Model GTR+G+I) of the 573 bp fragment of 
the COI gene of Eurema and other related Pieridae. Sequences retrieved from GenBank are 
presented by their accession number; sequences in bold are from this study. Posterior 
probabilities >0.5 are marked at the branches; the phylogenetic tree was rooted by Colias 
erate. Scale bar represents number of nucleotide substitutions per site. The vertical bars 
represent species assignment to subgenera Terias (red) and Eurema (blue). Note that all 
Australian species cluster in one group that is different from the American Eurema subgenus 
(except for E. daira).
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The Ef-1α phylogeny consisted of 69 allele sequences (680 bp) of our 
study and 11 additional Eurema sequences from GenBank, including 
the outgroup species C. erate that was used to root the tree (Figure 
4.7). Unexpectedly, the two sibling species E. alitha and E. hecabe did 
not separate well, and this was in contrast to the mtDNA phylogeny; 
the two E. alitha Ef-1α alleles grouped within the E. hecabe clade. 
Similar to the mtDNA phylogeny, no clear divergence between the 
subgenera Eurema and Terias was seen. Our phylogeny also 
demonstrated that the American species E. mexicana is very distant to 
the Australian species of the subgenus Eurema (E. brigitta, E. herla and 
E. laeta) and instead more closely related to Teriocolias zelia. 
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Figure 4.7 Bayesian Inference phylogenetic tree (Model T92+G) of the 680 bp fragment of the 
Ef-1α gene of Eurema and other related Pieridae. Sequences retrieved from GenBank have 
an accession number; the other sequences are from this study. Posterior probabilities >0.5 
are marked at the branches; tree was rooted by Colias erate. Scale bar represents number of 
nucleotide substitutions per site. The vertical bars represent species assignment to subgenera 
Terias (red) and Eurema (blue). Note that all Australian species of the Eurema subgenus 
cluster in one group (although with low support value) but not with an American species from 
this subgenus, E. mexicana. 
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This chapter extends on the previous chapter 3 where E. hecabe and E. 
smilax were compared. This chapter compares four other Australian 
Eurema species to this previous data set. We detected Wolbachia at 
different prevalence in five of six tested Eurema species in Australia, 
including one species (E. herla) with only one positive specimen. 
Wolbachia was fixed in E. brigitta and E. hecabe, and occurred at lower 
prevalence (about 40 %) in E. alitha and E. laeta, whilst E. smilax was 
uninfected (both E. herla and E. smilax were considered uninfected for 
genetic analyses to estimate Wolbachia effects on mitochondrial DNA). 
By analysing Wolbachia wsp and MLST profiles an identical strain was 
found in four species, E. brigitta, E. hecabe, E. laeta and E. alitha. In two 
E. brigitta individuals a second Wolbachia strain was detected which 
was identical to another strain that has previously been found to induce 
male killing (MK) in other butterfly species. This strain was also 
detected in one E. herla specimen. 
We hypothesised that shared Wolbachia strains across different host 
species would indicate recent HT between species. This HT could be 
mediated by the sharing of host plants, or by vectors like parasitoids. 
Alternative mechanisms that could lead to the presence of identical 
Wolbachia strains in different host species could be hybridization and 
introgression, or codivergence within related host lineages. While 
mtDNA haplotypes of E. alitha and E. hecabe were different, nuDNA 
sequences of E. alitha and E. hecabe were highly similar. Furthermore, 
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since we found a second strain in E. alitha with one synonymous 
transition in E. alitha, codivergence of Wolbachia with these sibling 
species cannot be excluded. An alternative explanation for the more 
similar nuDNA alleles between these two species could be the slower 
substitution rate of the Ef-1α  gene in pierid butterflies (Braby et al., 
2006). Indeed the assumed mtDNA and nuDNA variation between 
populations does not have to be similar or identical, as these are two 
different markers with different Ne and mutation rates.  Eurema brigitta 
and E. laeta share the same host plant. Therefore, HT mediated by host 
plant sharing is a possible explanation for Wolbachia HT between these 
species. However, as neither of these two species feed on host plants 
of the other infected Australian Eurema species, HT from E. hecabe or 
E. alitha to E. brigitta or E. laeta was more likely bridged by parasitoids 
(unless the HT event occurred outside Australia or via another butterfly 
species from another genus that we have not sampled). 
As hypothesised, uninfected E. herla showed higher mtDNA diversity 
than the infected species, E. brigitta, E. hecabe and E. laeta. In contrast, 
mtDNA diversity of uninfected E. smilax was not higher than infected 
E. hecabe (Chapter 3). In E. brigitta and E. laeta mtDNA diversity was 
lower than nuDNA diversity, however, this was not found in Wolbachia 
infected E. hecabe.  
As expected the effect of lower spatial connectivity in non-migrating 
species (which would result in a high diversity) was not seen in the 
mtDNA of E. laeta. Instead, effects of Wolbachia on mtDNA diversity 
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(i.e. reduction of the mtDNA diversity) were stronger in this species and 
this confirmed our hypothesis. As predicted nuDNA diversity was 
higher in E. herla and E. laeta, and both have a lower migration rate 
compared to species with long distance migrations. Phylogenetic 
analysis of two loci (one mitochondrial and one nuclear) revealed no 
signs for hybridization events (except perhaps between E. alitha and E. 
hecabe) but indicated that the current phylogenetic placement of 
Eurema within the two subgenera Terias and Eurema needs to be 
revised. 
 
4.5.1 Wolbachia prevalence and strain characterisation in Eurema 
Five of six tested Eurema species in Australia had signs of Wolbachia 
infections, while we only considered four infected for the analysis of 
population genetic effects of infections. Eurema brigitta and E. hecabe 
were 100 % infected, and E. alitha and E. laeta had an intermediate 
infection prevalence. However, both of the Australian E. alitha 
individuals were infected; this species could still be fully infected in 
Australia, while having a lower prevalence in Timor-Leste and therefore 
a larger screening effort of this species in Australia is required. Eurema 
herla (except for one specimen that was verified by its COI and Ef-1α 
sequences; more specimens of this species may need testing in the 
future) and E. smilax were uninfected. These uninfected species differ 
in their survival strategies. Eurema herla has an adult reproductive 
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diapause (with potential small scale migration during the reproductive 
period) and E. smilax is a large scale migrant.  
A recent study that screened Australian tephritid fruit fly species for 
Wolbachia found a higher incidence and prevalence of Wolbachia in 
tropical regions, while Wolbachia was not detected in temperate 
regions (Morrow et al., 2015). As E. smilax is the only Eurema species 
which occurs in the temperate zone (it is detected as far as Victoria and 
South Australia for a couple of months each year), our study is in 
agreement with the finding in fruit flies, i.e. detection of Wolbachia in 
tropical and subtropical butterflies of this genus but not in the one 
species that also migrates into temperate Australia. Altizer et al. (2011) 
have previously reviewed the observation that host species experience 
lower incidence of parasites in migrating versus non-migrating host 
populations.  Especially in butterflies it has been seen that migration 
lowers the transmission of a pathogen during the exerting journey and 
allows migrating individuals to leave contaminated habitats (Satterfield 
et al., 2015). This has also been supported by theoretical models (Hall 
et al., 2014). 
The allele wsp-10 (belonging to ST-41) was isolated from four Eurema 
species; E. alitha, E. brigitta, E. hecabe and E. laeta. Cloning revealed a 
second wsp allele in two E. alitha specimens (therefore co-infections), 
however, with only one synonymous transition.  Only one of five wsp 
clones in each of the two specimens had the SNP, suggesting that the 
second strain has a lower density in host cells. This finding could also 
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indicate an older infection that has accumulated mutations (Schneider 
et al., 2013). MLST typing confirmed the wsp findings and revealed that 
ST-41 is widely distributed in the Australian individuals of Eurema 
species. In contrast to the wsp gene, MLST typing by direct-sequencing 
did not indicate presence of multiple strains in E. alitha, as no 
ambiguous peaks were found in sequence chromatograms. A second 
Wolbachia strain (ST-125) together with wsp-10 detected in two E. 
brigitta individuals has previously been found in this same combination 
in Hypolimnas bolina (Nymphalidae) (Dyson et al., 2002) and 
Spodoptera exempta (Noctuidae) (Graham & Wilson, 2012), and for 
both of these host species MK phenotypes were documented. This 
strain was also found in Telicada nyseus (Salunke et al., 2012) where 
the phenotype is not known. As we did not clone the MLST sequences 
we cannot completely exclude double infection of both strains in E. 
brigitta individuals. Whether this Wolbachia strain is also inducing MK 
in E. brigitta remains to be tested. Unfortunately the sex of the infected 
E. brigitta in this study is unknown because this is the only species 
where males do not have a sex-brand, which makes the identification 
of sex based on the examination of wing markings not possible. With 
the molecular sexing technique by Kern et al. (2015), this could be done 
in a future experiment. Australian E. brigitta show three mtDNA 
haplotypes that are all infected with Wolbachia. As we did not sequence 
the MLST profile of all E. brigitta specimens, it is not clear if the 
different haplotypes are associated with different Wolbachia strains.  
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Eurema laeta had only two haplotypes which differed by only one 
nucleotide. We hypothesised that this difference either evolved after a 
Wolbachia driven selective sweep or that the wCI strain is currently 
invading this species, also because of its intermediate infection 
prevalence. 
Intriguingly, one male E. herla individual (out of 69) was infected with 
a strain that shared an identical MLST profile with ST-125 (the MK strain 
from other species), yet had an unrelated wsp sequence variant, wsp-
116. As this strain was found in a male specimen, it is unlikely that this 
infection would induce MK in this individual. Furthermore, the detection 
of the Wolbachia infection in only one of 69 E. herla specimens might 
be a result from amplification of a transient somatic infection or spill 
over (e.g. Wolbachia was taken up during the larval development 
without being inherited). We therefore conservatively regarded this 
species as uninfected but also recommend more specimens of this 
species to be studied in the future, in particular as it is the only 
Australian-endemic Eurema species. 
Salunke et al. (2012) detected a different strain (ST-149) in a E. laeta 
specimen, while a Japanese specimen was found uninfected (Tagami & 
Miura, 2004). A single Korean E. laeta specimens was co-infected with 
wCI (ST-41) and wFem (ST-40) which was also found in a E. hecabe 
specimen (Choi et al., 2015). Currently, the MLST database holds 20 
Lepidoptera species from the families Lycaenidae, Nymphalidae, 
Pieridae, Noctuidae, Pyralidae as host records for ST-41. Of these, 15 
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had the same wsp-10 allele and four had incompletely sequenced wsp 
(i.e. without all hypervariable regions). Interestingly, one butterfly 
Limenitis populi (Nymphalidae) harboured ST-41 and wsp-116; in this 
study the same wsp allele was found in one E. herla individual yet MLST 
typing showed infection with ST-125. As allele wsp-10 and wsp-116 
are very distantly related, but were found in strains with the MLST 
profiles ST-41 and ST-125 in a number of species, it is likely that this 
is due to recombination events. The wide distribution of ST-41 among 
Eurema and other Lepidoptera can only be explained by frequent HT 
events of Wolbachia between different species. 
 
4.5.2 Routes of horizontal Wolbachia transmission between Eurema 
butterflies 
Our finding of shared Wolbachia strains in four Eurema species 
suggests that HT has occurred in these species however not universally 
so. The mtDNA haplotypes were not shared among morphologically 
well assigned species and this excludes Wolbachia hybridization and 
introgression between these species at first sight. Eurema alitha and E. 
hecabe had very similar nuDNA sequences, and a second strain with 
one synonymous transition was detected in E. alitha. This could be an 
indication of codivergence of Wolbachia with the closely related species 
E. hecabe and E. alitha, and a longer association of Wolbachia with E. 
alitha. Due to a low sample number for E. alitha, more samples need to 
be obtained to further test this. Furthermore, nuDNA alleles could be 
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more similar between these two species because of a slower 
substitution rate of the Ef-1α  gene seen in pierid butterflies (Braby et 
al., 2006). 
During their larval development, E. alitha and E. hecabe have different 
host plant species than E. laeta and E. brigitta, therefore HT via host 
plant can be excluded. However, HT could be mediated by another 
lepidopteran species which shares host plants with the Eurema species 
complex, nevertheless HT via shared parasitoids is the more likely. 
Because of the lower host specificity of some parasitoids, the same 
Wolbachia strain may be spread by parasitoids between different 
lepidopteran species, genera and families, with some Wolbachia 
sharing due to shared host plants. 
One potential route for HT of Wolbachia is via parasitoids (Werren et 
al., 1995). About a quarter of insects are parasitoids and many of these 
show omnivorous feeding behaviour with the ability to parasitise many 
different hosts (Godfray, 1994). Parasitoids can become Wolbachia 
infected during larval development within an infected host, or as adults 
while feeding on infected hosts (Huigens et al., 2004; Huigens et al., 
2000). 
Infected parasitoids would then be able to spread the Wolbachia to 
another lepidopteran host, if the parasitism attempt fails and the host 
survives. One experiment demonstrated that Wolbachia infected 
parasitic wasps suffered higher encapsulation rates, compared to 
uninfected wasps (Fytrou et al., 2006). Higher encapsulation rates 
152 
 
could result in HT of the Wolbachia strain to the surviving parasitised 
host. 
 As Wolbachia is able to survive outside a host cell for extended periods 
of time (Rasgon et al., 2006), parasitoids do not necessarily have to be 
persistently infected for a successful HT event. The ovipositor of the 
parasitoid could be compared to a ‘dirty needle’, which carries 
Wolbachia bacteria of a previously attacked host and transmits this 
Wolbachia to an uninfected host through probing, host-feeding or the 
actual ovipositing activity (Houck et al., 1991). This was shown in 
aphelinid parasitoids of the whitefly Bemisia tabaci. Wolbachia bacteria 
survived on their mouthparts and ovipositors for over 48h and the wasp 
was able to transmit the Wolbachia to uninfected whiteflies (Ahmed et 
al., 2015). 
Another route for Wolbachia HT can be a shared feeding habitat during 
the larval development of different species. Plant tissue has been 
suggested to mediate horizontal Wolbachia transmission and was 
supported by a study that detected identical Wolbachia strains in 
leafhoppers sharing the same host plant (Mitsuhashi et al., 2002). This 
type of HT was also suggested for four phylogenetically different insect 
species, infected by the same Wolbachia strain, feeding on the same 
pumpkin species (Sintupachee et al., 2006). For the whitefly Bemisia 
tabaci it was demonstrated that symbiotic Rickettsia can be transmitted 
horizontally via the host plant phloem (Caspi-Fluger et al., 2012), and 
similar study recently discussed HT of Cardinium via host plants 
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(Gonella et al., 2015). As Wolbachia are related to Rickettsia (although 
not related with Cardinium), shared host plants could also be a possible 
route for horizontal Wolbachia transmission. Mushroom-mediated HT 
was also proposed for mycophagous Diptera as their Wolbachia strains 
are more closely related than in non-mycophagous Diptera (Stahlhut et 
al., 2010). Shared habitats also facilitate cannibalism, sarcophagy and 
saprophagy. Cannibalism as a route for Wolbachia transmission has 
been documented for terrestrial isopods (Le Clec’h et al., 2013).  
 
4.5.3 Influence of Wolbachia and migration behaviour on the 
genetic diversity of three Eurema species 
The mtDNA diversity of Wolbachia infected E. brigitta and E. laeta was 
very low, resulting in only two and three haplotypes, respectively. The 
diversity of nuDNA was significantly higher in these two species, which 
indicates that Wolbachia is reducing mtDNA diversity in these two 
species without impacting nuDNA. In E. laeta, a species with 
intermediate infection prevalence, we did not find a linkage of mtDNA 
haplotype and infection status, as Wolbachia infected and uninfected 
specimens shared the same two mtDNA haplotypes.  
In E. brigitta, the two individuals infected with ST-125 and the 
individual infected withST-41 had the same COI haplotype (given the 
small sample size the frequency of the different strains in this species 
needs to be analysed on more individuals in the future). Similarly, three 
Wolbachia strains, including ST-125, were associated with a single 
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mtDNA haplotype in S. exempta. This skew was explained by a recent 
selective sweep, likely driven by the invasion of Wolbachia (Graham & 
Wilson, 2012). The effects of Wolbachia on mtDNA structure have been 
demonstrated in various studies (Narita et al., 2006; Shoemaker et al., 
2004). In particular, selective Wolbachia sweeps can result in a similar 
reduction of mtDNA diversity and structure as a demographic 
expansion (Hurst & Jiggins, 2005). We therefore hypothesise that the 
mtDNA has accumulated new variation in E. brigitta and E. laeta after a 
Wolbachia sweep, or, alternatively, multiple HT events (Huigens et al., 
2004) or paternal leakage of Wolbachia (Hoffmann & Turelli, 1988) have 
occurred.  
In comparison, we have previously found that infected E. hecabe did 
not have significant lower mtDNA diversity than uninfected E. smilax 
(Chapter 3). The Australian endemic uninfected species E. herla had the 
highest mtDNA diversity among the Eurema species, while E. smilax 
had a much lower haplotype diversity and nucleotide diversity. This 
difference may be explained by a different migration behaviour 
between these two Eurema species as potential gene flow between 
populations in E. herla is limited to times outside of their reproductive 
diapause.  
Similarly, mtDNA of both species shows signs for purifying selection, 
which are even stronger in E. smilax. In Chapter 3 we hypothesised that 
the purifying selection in E. smilax is related to the functional 
importance of the COI gene (Meiklejohn et al., 2007), and as an energy 
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efficient metabolism advantageous and maybe crucial for migrating 
species (Toews et al., 2014). The same could be true for E. herla, where 
selection pressure in form of migration would also exist, but maybe to 
a lower extent because the migration phase is limited to the 
photoperiod dependent breeding season. In years where the 
reproductive diapause, and the start of ovarian development, do not 
match with the rainfall patterns, E. herla is forced to migrate in order 
to find more suitable habitats (Smithers, 1983). 
A study comparing closely related Wolbachia infected and uninfected 
Drosophila species found strong signs for positive selection on mtDNA 
in infected species (Shoemaker et al., 2004). We did not see positive 
selection on COI in infected Eurema and hypothesise that Wolbachia in 
Eurema is counteracting purifying selection pressure seen on the COI 
gene of migrating and non-migrating, uninfected species, which would 
explain why tests are not indicating departure from neutral selection in 
infected species. 
The nuDNA Ef-1α gene diversity was highest in the diapausing species 
E. herla an E. laeta. The two migrant species E. brigitta and E. smilax 
had a lower nuDNA diversity. Although E. smilax had many segregating 
sites and haplotypes, nuDNA diversity levels were lower than in all other 
Eurema. As high amount of gene flow can have an homogenising effect 
on genetic diversity (Slatkin, 1987), the higher nuDNA diversity in 
diapausing species is likely related to a lower amount of migration 
behaviour and therefore reduced gene flow. 
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Furthermore, we found signs of purifying and positive selection Ef-1α 
gene in E. herla using different tests, and these outcomes were similar 
to the results for E. smilax (Chapter 3).  
 
4.5.4 Phylogenetic analysis of mtDNA and nuDNA 
Phylogenetic analysis did not result in any shared mtDNA sequences 
between Australian Eurema species. This suggests that species have 
diverged and interspecies hybridization has not occurred (except 
perhaps for E. alitha and E. hecabe that are very similar in Ef-1α). In 
contrast, Japanese E. mandarina formed a clade together with E. 
hecabe. It was suggested that wCI had switched from E. hecabe to E. 
mandarina by hybrid introgression, as infected and uninfected 
individuals of E. mandarina carry different haplotypes (Narita et al., 
2006). We did not have access to an uninfected E. mandarina COI 
sequence for comparison in our COI phylogeny in order to discern its 
phylogenetic position based on mtDNA. The nuDNA phylogeny 
demonstrated clear differentiation between E. hecabe and E. 
mandarina, while E. alitha was positioned within E. hecabe.  
Both COI and Ef-1α phylogenies provided further evidence that the 
genus Eurema evolved paraphyletic (and more extensive analyses of 
further DNA loci will be required for future resolution). Support for 
paraphyly of Eurema with the genera Leucidia, Teriocolias and Pyrisitia 
were shown in previous studies (Braby et al., 2006; Wheat et al., 2007).  
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Eurema smilax was expected to be more closely related to E. hecabe, 
as both belong to the subgenus Terias, but unexpectedly it grouped 
with members of the subgenus Eurema (Yata, 1989). Furthermore, the 
COI phylogeny seemed unresolved, as E. smilax appeared to cluster 
with Teriocolias zelia and Pyrisitia proterpia, making it paraphyletic to 
the other Eurema species. While COI phylogeny showed two clades for 
E. hecabe and E. alitha, both species formed one clade based on Ef-1α. 
This could be related to the slower substitution rate of this gene (Braby 
et al., 2006) or alternatively be sign of paternal introgression from one 
into the other species. 
The phylogenetic analysis of this study questions the previous 
hypothesis of Yata (1989) that the four species E. brigitta, E. 
desjardinsii, E. herla and E. laeta of the subgenus Eurema are closer 
related to American species of subgenus Eurema. Especially the COI 
gene revealed that the New World species of subgenus Eurema are very 
distantly related to the Eurema species of Australia and Asia with the 
exception of E. daira from America, which grouped within the 
Australian species. Our results provide more support for the original 
placement (Klots, 1933) that classified all Old World species as 
subgenus Terias. Sequence analysis of the fourth Old World species E. 
desjardinsii, currently placed in the subgenus Eurema, as well analysis 
of more species of the New World, will be crucial to further resolve the 
phylogenetic placement of Australian Eurema. 
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This study provided evidence for horizontal Wolbachia transmission 
between species of the butterfly genus Eurema. The four species E. 
hecabe, E. alitha, E. brigitta and E. laeta are all infected with the same 
Wolbachia strain and therefore HT must have occurred between these 
species as at least three of these four species are genetically distinct. 
Eurema brigitta and E. laeta develop on the same host plant therefore 
this could be the platform on which HT has occurred. However the other 
Eurema species do not share common larval food plants. Therefore, HT 
of this Wolbachia strain may have been vectored by shared parasitoids. 
The Wolbachia strain ST-125 detected in two E. brigitta individuals has 
previously been found to induce MK in two butterfly species (Dyson et 
al., 2002; Graham et al., 2012). It is unknown whether this strain also 
causes MK in E. brigitta. A similar strain was also found in E. herla, 
however at a very low prevalence (and with a different wsp allele). The 
analyses suggest that mtDNA diversity in the Wolbachia infected 
species, E. brigitta and E. laeta, was reduced due to a Wolbachia sweep. 
Phylogenetic analysis revealed no signs for hybridization events (except 
potential paternal introgression for E. alitha and E. hecabe) and 
indicated that the current phylogenetic placement of Eurema needs to 
be revised. The findings of this study highlight that Wolbachia 
screenings of insects are important to understand the patterns of 
mitochondrial and nuclear diversity, which would otherwise be 
interpreted as results of demographic events.  
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 5. Chapter 5 General  
Discussion 
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This PhD thesis explores the diversity and evolutionary dynamics of 
Wolbachia endosymbiont infections in butterfly species of the genus 
Eurema (Pieridae), their potential reproductive manipulations and their 
impacts on host population genetics. Wolbachia is a common 
endosymbiont of insects, and is estimated to infect 52% (Weinert et al., 
2015) of all insect species. The evolutionary and ecological success of 
Wolbachia stems from its capacity to colonise a wide range of hosts 
and to manipulate host reproduction to increase its own prevalence in 
host populations.   
The two sibling species Eurema mandarina and Eurema hecabe are 
model species for Wolbachia feminisation in insects as they are two out 
of only three insect species known to have Wolbachia-induced female-
biased sex ratios due to feminisation. This was discovered in Japan and 
thought to be the consequence of feminisation of genetic males (Hiroki 
et al., 2002; Narita et al., 2011). However, limited knowledge of 
lepidopteran sex determination, and lack of molecular markers on the 
female W chromosome, have impeded genetic testing of how Wolbachia 
manipulates sex determination in Lepidoptera by feminisation.  
Eurema hecabe also occurs in Australia, and together with the other 
Australian species of the genus Eurema, presents an interesting study 
system to investigate Wolbachia infections, as many of the butterfly 
species have overlapping geographic distributions and share common 
host plants. The individual species have evolved different survival 
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strategies (i.e. diapause or migration) to cope with the seasonality and 
unpredictability of rainfall within the harsh conditions of the Australian 
climate. 
The aims of this PhD study were to investigate infection patterns and 
phenotypic and genotypic effects of Wolbachia on Eurema butterfly 
species; the evolutionary history of Wolbachia within these species; the 
phylogenetic placement of Australian Eurema in a global context; and 
to identify potential correlations between migration behaviour/ 
diapause and Eurema population genetics. Chapters 3 and 4 are linked 
through the inclusion and comparison of multiple closely related 
species in order to highlight that Wolbachia effects on population 
genetics are only visible in some species. 
 
 
5.2.1 Combined action of meiotic drive and Wolbachia 
feminisation in Eurema butterflies  
A quantitative PCR (qPCR) assay was developed to determine the 
genotypic sex of Eurema mandarina on a molecular basis. The qPCR 
provided evidence against the previously hypothesised male 
chromosome constitution of wFem infected individuals with a female 
phenotype and revealed that all these feminised individuals had only 
one Z chromosome. Further, it appeared that wFem lines had either lost 
the W chromosome or harboured a dysfunctional (non-detectable) 
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version. Either way, single Z individuals still rely on wFem for female 
development, as removal of wFem results in all-male offspring (Hiroki 
et al., 2002).  
In chapter 2 of this thesis, a pedigree study of mothers and their 
offspring demonstrated that wFem daughters did not inherit their 
mother’s Z alleles and that the single Z chromosome was exclusively 
paternally inherited. In contrast, in families not infected with the wFem 
strain, Z alleles were inherited by both parents. Therefore, these 
findings revealed, for the first time, the presence of a mechanism that 
excludes the inheritance of the maternal Z by a yet unknown meiotic 
drive (MD) mechanism in wFem infected lineages. This is the first study 
that demonstrates an interaction between MD and Wolbachia 
feminisation.  
The newly developed molecular sexing technique was successfully 
applied to determine sex in three different Eurema species, 
demonstrating that this technique could be applied more widely. 
Moreover, the newly developed technique has already been applied by 
other researchers to establish a molecular sexing method for the moths 
Ostrinia furnacalis (Fukui et al., 2015) and Ostrinia scapulalis (Sugimoto 
et al., 2015), and helped to determine embryonic sex and to identify 
that Wolbachia is inducing MK in these species. This demonstrates the 
value of this new technique for Wolbachia research, as well as for 
lepidopteran research in general. The approach may also be applicable 
to other animal species with chromosomal sex determination and for 
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which genetic markers exist only for one sex chromosome. More 
excitingly, this study highlights that endosymbionts are potentially 
hidden factors in MD of sex chromosomes.  
 
5.2.2 Female bias in E. mandarina - Future research 
5.2.2.1. A qPCR diagnostic test to determine sex of Lepidoptera 
The qPCR assay requires sequence information from single copy genes 
on the Z chromosome and an autosomal single copy reference gene. 
Both genes, Tpi and kettin, have confirmed linkage to the Z 
chromosome in many Lepidoptera species (Dopman et al., 2005). Our 
primers were designed in exon regions of the genes and worked for 
three different species. Based on this, degenerate qPCR primers could 
be designed for other Lepidoptera species, which would offer an even 
wider application of this method. This technique could also be used to 
determine the sex of larval instars or embryos, as well samples in poor 
or incomplete condition, like museum specimens or Lepidoptera 
collected by monitoring programs. This technique could also be used 
for retrospective genotyping of sex for DNA extracts or tissues for 
which sex attribution is not known or has been lost. 
 
5.2.2.2. Do wFem infected females lack the W chromosome? 
The lactic acetic orcein staining of Malpighian tubule cells as a 
cytological assay (Kageyama & Traut, 2004) could not confirm whether 
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the W chromosome was really absent in E. mandarina, or, alternatively, 
present in a euchromatic state and not detectable by staining. There 
are other methods that could be used to detect or visualise W 
chromosomes in Lepidoptera, including fluorescence in situ 
hybridization (FISH) probes, which have been developed to detect W 
chromosomes in some species (Fuková et al., 2007).  
A recent approach using high-throughput sequencing of a single laser 
microdissected W chromosome aided data mining for W-specific PCR 
markers that could then be used for such FISH or PCR-based assays 
(Traut et al., 2013). The availability of a W marker would replace the Z-
linked gene qPCR approach. Yet even if isolation of W specific 
sequences was to succeed, sequences are unlikely to be sufficiently 
conserved among Lepidoptera species to permit a wide general 
screening. And in the case of E. mandarina, the sequence analysis of 
the Z markers was still required to demonstrate the MD. 
 
5.2.2.3. What is the meiotic drive mechanism in E. mandarina 
When female-biased sex ratios were first described for E. mandarina 
(Hiroki et al., 2002), antibiotic curing of all-female broods infected with 
wFem resulted in all-male progeny. Because of the sensitivity of the 
female sex ratio bias to antibiotics, and because treatment resulted in 
a complete switch to males, MD was erroneously excluded. 
Furthermore, MK was excluded because there was no change in hatch 
rate in wFem broods when compared with treated broods or wCI 
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infected broods. This thesis re-established the role of MD as female 
bias causing agent for E. mandarina and potentially other butterflies. 
The question that remains is whether Wolbachia is (a) the agent that 
causes MD (i.e. exclusion of the maternal inheritance of the Z 
chromosome), (b) co-operates with another selfish genetic element 
(SGE), or (c) another SGE is responsible for MD without any action by 
Wolbachia. Unfortunately offspring of antibiotically treated wFem 
infected females was not available for this study. Therefore, in order to 
investigate the MD mechanism further it will be necessary to repeat the 
antibiotic treatment of wFem infected females (Hiroki et al., 2002) to 
assess the Z chromosomal composition of the all-male offspring of 
females from which wFem had been removed.  
Furthermore, E. mandarina does not occur in Australia, which 
prevented the undertaking of the antibiotic treatment experiment in 
Australia during this PhD project.  
The treatment of wFem infected E. mandarina females with antibiotics 
could have numerous outcomes. An equal offspring ratio of ZZ:Z males 
would indicate that the MD has reverted to Mendelian inheritance of Z. 
This would provide evidence that Wolbachia is responsible for both 
feminisation and MD. In contrast, the production of Z males only would 
show that maternal Z chromosome exclusion is unchanged and that MD 
is caused by another SGE. Another aspect that will require further 
investigation is the presence of the W chromatin body in offspring of 
treated individuals. For example, if, after the antibiotic treatment, 
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individuals with one Z chromosome still do not show a W chromatin 
body, then this would clarify the absence of the W chromosome in 
wFem infected females. 
The qPCR Z chromosome dosage test was applied to E. mandarina, but 
has yet to be tested on wFem infected E. hecabe from Japan. It is 
expected that an identical mechanism is responsible for the female-
biased sex ratios in this sibling species (Narita et al., 2011). The most 
parsimonious explanation is that a single agent (i.e. Wolbachia) causes 
both female development and MD, otherwise two independent 
mechanisms acting on two separate host species would have had to be 
transferred across two species (that are distinct on a nuDNA basis). 
The wFem strain and its interaction with the W chromosome does not 
seem to be highly prevalent a the host species level, as the prevalence 
of infected butterflies is low and limited to island populations. For these 
populations, however, this system seem to be dominant but as the 
transmission is not perfect it seem that this cytoplasmic sex 
determination will not completely replace chromosomal sex 
determination and the female heterogametic system in the host species 
overall. 
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5.2.2.4. How does Wolbachia feminise E. mandarina 
Knowledge on lepidopteran sex-determination is currently mainly 
based on studies of the silkmoth Bombyx mori, for which it has recently 
been demonstrated that a piRNA is the primary determiner of sex. This 
piRNA decreases expression of a Z-linked gene, Masculinizer (Masc), 
and this leads to female-specific splicing of dsx (Kiuchi et al., 2014). 
In the closely related species Trilocha varians this piRNA pathway is not 
involved in the sex determination cascade and this suggests that the 
primary sex determination signal is highly variable across species; in 
contrast, the Masc gene was found in multiple species and seems to be 
conserved among Lepidoptera (Lee et al., 2015) and has also been 
found in Chilo suppressalis, Danaus plexippus, Manduca sexta and 
Spodoptera exigua (Kiuchi et al., 2014).  
In Ostrinia moths, a MK Wolbachia strain was found to down-regulate 
or interfere with Masc, leading to embryonic death of infected males 
(Fukui et al., 2015),however, the factor involved has not yet been 
identified. Therefore it will be difficult to pinpoint where wFem 
interferes in the sex determination cascade of E. mandarina. This issue 
could be resolved by transferring wFem Wolbachia of E. mandarina into 
cultured somatic cells of B. mori (Kageyama et al., 2008). Using somatic 
cells of B. mori, it could be tested whether Wolbachia changes piRNA 
expression, has a depleting effect on Masc or directly acts on the 
splicing patterns of dsx. Furthermore, establishment of B. mori 
silkworms infected with wCI and wFem would capture more realistic 
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gene expression in a live insect than in tissue cultures, as the latter 
may not provide the right context in order to test for Wolbachia effects. 
 
5.2.3 Incidence and prevalence of Wolbachia in Australian 
Eurema 
While E. hecabe was found to be co-infected with wCI and wFem in the 
southwestern islands of Japan (Narita et al., 2011) and in east Asia 
(Narita et al., 2007d), Australian E. hecabe were only singly infected 
with wCI. Single infections with the wFem strain have not yet been 
found in natural populations in Japan or elsewhere in Asia, and this may 
be due to the fact that a lower titre infection is more likely to be lost 
from hosts. It has been found previously that wFem has a 103- to 104- 
fold lower density in host cells than the wCI strain (Kageyama et al., 
2008; Narita et al., 2007c). The low density also explained the leaky 
inheritance of the wFem strain. While the factors that determine the 
effects of Wolbachia still remain largely unclear, it is interesting that 
the significant phenotypic effect of feminisation can be caused by such 
a low infection. Previous studies have shown that even identical 
Wolbachia strains can have different effects in similar host species 
(Sasaki et al., 2002; Sasaki et al., 2005).  
The wCI strain was found in all E. hecabe individuals screened, which 
indicates fixation of this strain in Australia. Although far less common, 
a second endosymbiont, Spiroplasma ixodetis, was found in 
Lepidoptera inducing MK (Kageyama et al., 2012). A screening for 
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known symbionts including S. ixodetis indicated that E. hecabe was not 
infected with other endosymbionts than Wolbachia, but the 
interpretation of this result must be interpreted cautiously as a positive 
control was not available for this bacterial species. 
Wolbachia screening of five other Australian Eurema species revealed 
that all E. brigitta were infected with Wolbachia, whereas variable 
infection prevalence was found for E. alitha and E. laeta. Eurema smilax 
was uninfected, while for E. herla only one out of 69 individuals was 
infected. All infected individuals of E. alitha, E. hecabe, E. laeta and one 
E. brigitta had the same Wolbachia strain, ST-41. In two other E. brigitta 
individuals, a different Wolbachia strain, ST-125, was found, which only 
differed in two MLST loci. This strain was previously found to induce 
MK in two other lepidopteran species, Hypolimnas bolina (Dyson et al., 
2002) and Spodoptera exempta (Graham & Wilson, 2012). As ST-125 
has previously been detected in other lepidopteran species, it is more 
likely that E. brigitta acquired this strain by HT, especially as other 
individuals of this species with the same mtDNA haplotype were 
infected with ST-41. 
The presence of identical strains in four Australian Eurema species may 
be explained by recent HT as a consequence of shared host plants, 
habitats or vectors, such as parasitoids. One study found Chinese E. 
hecabe to be parasitised by the chalcidid wasp Brachymeria lasus, a 
ichneumonid wasp Pimpla sp. and scelionid wasps. Not much is known 
about the parasitoids of Australian Eurema, but parasitisation rates are 
170 
 
considered to be low, and only one gregarious braconid wasp species 
has been found with a low prevalence (Kitching et al., 1999). An 
alternative route for Wolbachia to move between species is hybrid 
introgression between closely related species. Furthermore, closely 
related Wolbachia strains can be found in closely related host species 
as a consequence of codivergence of Wolbachia with their host species 
after acquisition of Wolbachia in an ancestral species. For the Australian 
Eurema, transfer by hybridization between species can be excluded as 
mtDNA haplotypes were not shared across species. Therefore, HT was 
considered the more likely transmission route. As E. alitha and E. 
hecabe have different host plants during their larval development, HT 
between these species would probably have been meditated via a third 
species such as a shared parasitoid or another lepidopteran which 
occurs on both host plants. Alternatively, due their close phylogenetic 
relationship, E. alitha and E. hecabe had acquired Wolbachia prior to 
their divergence from each other. 
Amongst the four infected Eurema species, mtDNA haplotype diversity 
was highest in E. hecabe, and this can be interpreted as a sign of an 
older infection in this species than in the other species. The other two 
infected species, E. brigitta and E. laeta had reduced mtDNA diversity 
(E. alitha could not be tested due to the small sample size).  
For the closely related species E. hecabe and E. alitha, codivergence of 
Wolbachia cannot be excluded. Furthermore, E. alitha harboured a 
second Wolbachia strain that was only different by one synonymous 
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transition. This could suggest a longer association of Wolbachia with E. 
alitha and therefore support codivergence with the host. Given that not 
enough specimens of E. alitha were available for rigorous testing future 
research should pursue this.   
Both ST-41 infected E. brigitta and E. laeta are monophagous on a host 
plant species not used by ST-41 infected E. hecabe and E. alitha. 
Therefore, this HT was most likely mediated by a third interacting 
species, such as a parasitoid. As E. brigitta and E. laeta occur on the 
same host plant, a transfer via shared food plant (Stahlhut et al., 2010) 
or cannibalism (Le Clec’h et al., 2013) cannot be excluded for HT 
between these two species. 
 
5.2.4 Incidence and prevalence in Australian Eurema – Future 
research 
This study detected three Wolbachia strains in five Australian Eurema 
species. Two strains found in E. alitha were very similar. The molecular 
characterization of these Wolbachia strains was the first step in 
understanding their evolutionary dynamics in this species group. Five 
species had individuals that were infected with Wolbachia, and thus the 
question of which species was first infected arises. 
Eurema hecabe with a fixed Wolbachia infection had the highest mtDNA 
diversity, and this could indicate an older infection, subsequently 
allowing time for the COI gene to diversify after the initial Wolbachia 
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sweep. The low mtDNA diversity in E. brigitta indicates a more recent 
Wolbachia sweep, while low mtDNA diversity in intermediate infected 
E. laeta could be a sign that the strain ST-41 is currently invading. For 
E. alitha we only had two Australian samples. These were infected by 
two similar strains that might have diverged in this host species and 
therefore indicate an older infection. Alternatively, the strains could 
originate by HT from other hosts. A wider screening approach involving 
more extensive sampling of Eurema, and collections of other 
Lepidoptera species on the same host plants and their parasitoids 
would help to test these hypotheses. 
The study has not attempted to assess the reproductive manipulations 
by these three Wolbachia strains in their host species in Australia, but 
this should be attempted in future work. This will require rearing and 
crossing experiments, including the removal of Wolbachia with 
antibiotics. Overall, the infection patterns will also need to be better 
studied, in particular for E. alitha, E. brigitta and E. laeta. The ST-125 
strain found in E. brigitta was previously found to induce MK in two 
other lepidopterans (Dyson et al., 2002; Graham & Wilson, 2012), so it 
would be interesting to test for MK in E. brigitta. 
The evidence for HT in Eurema could be scrutinized further by 
additional field collections of larvae and eggs of the Eurema species, 
taking into account the different life stages that attract different 
parasitoid species. This would deliver potential parasitoids that could 
then be tested for Wolbachia infections. This should be followed up by 
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another experiment, where parasitoid species are then provided with 
an alternative, Wolbachia uninfected related host such as E. smilax. This 
could verify that potential infections of the parasitoids are not host 
contaminations and that the parasitoids are able to transmit Wolbachia 
to their offspring. 
A cage experiment with E. brigitta, E. herla and E. laeta could explore 
cannibalism behaviour of these species. Understanding how they 
behave when overcrowding occurs could help to explain why E. brigitta 
and E. laeta share the same Wolbachia strain and E. herla remains 
uninfected. 
 
5.4.2.1. The phenotype of the wCI strain of Australian Eurema 
hecabe 
The sex ratio of wCI singly infected- E. mandarina collected at Tsukuba, 
showed strong female bias in certain broods (69-89%) in the absence 
of wFem (Narita et al., 2007b). However, this was not as strong a bias 
as reported from wFem infected females, where all or nearly all progeny 
are females (Narita et al., 2007c). These wCI infected females from 
Tsukuba had a visible W chromatin body, which was not seen in wFem 
infected females. As the wCI strain induced strong CI when infected 
males were mated with cured females, it was suggested that the wCI 
strain induces both CI and sex ratio distortion in this population. The 
antibiotic treatment of these female-biased Tsukuba lineages resulted 
in an unbiased offspring sex ratio, but as the egg hatch and survival 
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rate was higher, this effect was not statistically significant. Therefore, 
a  MK phenotype cannot yet be ruled out as an explanation for the sex 
ratio bias (Narita et al., 2007b). As the possibility of an endosymbiont 
induced MD was not documented prior to our study, MK was considered 
the more plausible mechanism. Unfortunately, this could not be further 
examined in the study by Narita et al. (2007a) because of limitations in 
sample size.  
In a wCI infected Australian population of E. hecabe from Cairns, 
female-biased sex ratios have previously been detected (Thomson, 
2009). Similarly to the Tsukuba females, these Cairns females did not 
show the strong female bias of the Tanegashima population (Thomson, 
2009). This preliminary data needs further testing. However, the 
research of this PhD study supports absence of wFem from Australia. 
Furthermore, the analysis of the Z gene diversity and inheritance in 
Australian populations may shed further light on this. 
The study by Thomson (2009) showed that wCI can induce CI in the 
Cairns population, but this has not been examined further. Therefore 
it would be important to undertake an experiment where sex ratios of 
E. hecabe from multiple populations are studied in more detail. If the 
sex ratios prove to be female-biased it could be further tested whether 
wCI can cause sex ratio bias by a combined action of MD and CI. As a 
first step, similar to the family pedigrees by Kern et al. (2015), 
sequencing of a Z-linked gene like Tpi of parents and their offspring 
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could reveal whether the inheritance of this gene is Mendelian or non-
Mendelian.  
 
5.2.5 Effects of Wolbachia infections and behavioural adaptations 
to the Australian climate on genetic diversity of Eurema 
species and their phylogenetic placement 
The analysis of mtDNA and nuDNA loci of six Eurema species in 
combination with their Wolbachia infections and the available 
information about their migration or diapausing behaviour revealed 
different effects of Wolbachia, diapause and/or migration behaviour on 
the genetic diversity and structure within species. The lowest mtDNA 
diversity was detected in the Wolbachia infected species E. brigitta and 
E. laeta. Maternally inherited symbionts are known to affect host 
mtDNA genetic diversity and structure (Ballard, 2000; Dean et al., 2003) 
because of mitochondrial hitchhiking as an outcome of the Wolbachia 
sweep (Hurst & Jiggins, 2005).  
The Wolbachia-uninfected species E. herla showed higher mtDNA 
diversity than the infected species. Eurema smilax, also uninfected, had 
a lower mtDNA diversity compared to E. herla, and this could be a result 
of its migration behaviour involving larger distances. Migration can lead 
to higher gene flow between regions reducing genetic differentiation 
between populations in migrating E. smilax.  
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For the interpretation of the results it was assumed that mtDNA and 
nuDNA variation was similar. However the two genes could have 
different Ne and mutation rates and this might weaken the 
interpretation of results, as mitochondrial diversity patterns between 
species may be attributed to Wolbachia. 
The nuDNA diversity, which is not directly affected by Wolbachia, was 
higher in diapausing E. herla and E. laeta compared to species with 
stronger migratory behaviour, and this confirmed our expectations. 
Nevertheless some nuDNA genes might be affected for example if they 
are linked to a gene that responds to the effects of Wolbachia 
feminisation. This was seen in a study on H. bolina, where as a response 
to a MK Wolbachia strain, a nuclear suppressor gene evolved and 
caused purifying selection on the chromosome where the suppressor 
was located (Hornett et al., 2014). These results demonstrate that 
migration has a strong effect on nuDNA diversity, resulting in more 
structured populations compared to species that do not migrate. 
Phylogenetic analysis of the COI and Ef-1α genes indicated mito-
nuclear discordance between E. alitha and E. hecabe. The COI 
phylogeny showed more separation between these two species, 
whereas the Ef-1α phylogeny placed E. alitha within E. hecabe making 
the latter paraphyletic.  
Further analyses of both genes provided evidence for a paraphyletic 
evolution of the genus Eurema and highlighted that the phylogenetic 
placement of Australian Eurema species within the genus has to be 
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revisited. This study revealed that the New World species are very 
distantly related to Australian and Asian Eurema. The results agreed 
better with the original placement of the Australian Eurema (Klots, 
1933) with all Old World species within the subgenus Terias.  
 
5.2.6 Effects of Wolbachia infections and behavioural climate 
adaptations on genetic diversity of Eurema species and 
their phylogenetic placement – Future research 
Wolbachia occurred in about half of all tested E. laeta, and this could 
suggest that this species either reached a stable infection rate after a 
Wolbachia sweep in the past or is currently experiencing a Wolbachia 
invasion. Nevertheless there was no linkage of mtDNA haplotype and 
infection status, which could indicate the absence of CI or that HT 
occurred into two different haplotypes. Alternatively the capability of 
this strain to induce CI in this species could be reduced, or maternal 
transmission not effective. This should be tested with a wider screening 
effort. The capability of Wolbachia to sweep through a population 
depends on the strength of CI and the maternal transmission rate 
(Unckless et al., 2009).  
Therefore, rearing experiments could test the strength of CI between 
uninfected females and infected males and establish the maternal 
transmission efficiency to their offspring. Unfortunately, the sample 
size for E. laeta was too low to further compare genetic diversity of 
infected vs. uninfected individuals. With more individuals such an 
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analysis could test for differences in diversity and structure of mtDNA, 
or if certain haplotypes only occurred in one of the groups.  
Besides Wolbachia other symbiotic bacteria can also induce effects on 
host mitochondrial diversity and population genetic structure and 
induce CI, MK and parthenogenesis. We screened E. hecabe for other 
known symbionts; however, testing the other Eurema species for other 
symbionts could help to exclude potential effects of other symbionts 
on their hosts’ genetic diversity and structure.  
Phylogenetic analysis of the COI and Ef-1α genes revealed paraphyletic 
evolution of Eurema and this will require wider revision of the genus. 
Additional analysis of another Old World species E. desjardinsii 
currently placed in subgenus Eurema, as well as sequencing of more 
New World species will be crucial to further resolve the phylogenetic 
placement of Australian Eurema. This genetic analysis will also need to 
include more mitochondrial and nuclear loci as the analyses here are 
only limited to segments of the COI and Ef-1α genes. 
 
 
This PhD study uncovered a new mechanism of host manipulation by 
Wolbachia and demonstrated for the first time that Wolbachia 
feminisation in E. mandarina (and most likely also in E. hecabe) is not 
feminisation of genetic males (ZZ) but feminisation of individuals with 
a single Z. This was achieved by developing new qPCR based molecular 
sexing method. This sexing method can be adapted to other 
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lepidopteran species and will be a valuable tool to study the sex specific 
embryonic and larval development, such as sex specific expression of 
early sex determination genes (Morrow et al., 2014b). A pedigree study 
revealed a MD mechanism that prevents development of genetic males 
(ZZ) and excludes the maternal Z, whilst wFem remains responsible for 
female development of Z individuals. For the first time, a combined 
action of MD and Wolbachia feminisation was found, and this highlights 
endosymbionts as potentially confounding factors in MD of sex 
chromosomes.  
Four Australian Eurema species were found to be infected with wCI (it 
was also found in a fifth species, but just in a single individual) while 
wFem was absent. However, in E. brigitta a second strain was found 
that was identical to a strain known to cause MK in other lepidopterans. 
Overall, Wolbachia infections decreased mitochondrial genetic 
diversity. Species with extensive migration behaviour had lower nuclear 
diversity. Phylogenetic analysis indicated E. hecabe and E. alitha were 
closely related and their Wolbachia infections may have codivergered 
from a common infected ancestor. Analysis also indicated that the 
current phylogenetic placement of the Australian Eurema species, and 
the phylogeny of Eurema in general, needs to be revised. The results of 
this study provide a basis for future research on lepidopterans, 
Wolbachia and symbionts in general.    
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Appendix A 
Appendix A: Material and methods 
 
Eight Eurema mandarina females were captured on Tanegashima 
Island, Japan, from populations previously reported to be infected with 
both Wolbachia strains wCI and wFem (Narita et al., 2007a). These 
females were kept in isolation for egg-laying. Five females showed a 
female-only offspring ratio, whereas three had unbiased offspring 
ratios (Appendix A: Table A 1). For the qPCR experiment we used 11 
daughters of all-female broods; for unbiased broods we used eight 
males and eight females. The unbiased broods were either infected 
with wCI (a total of five females and five males from mothers 6-8) or 
cured from infection after tetracycline treatment (three females and 
three males from mother 6). 
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 Table A 1 Eurema mandarina from Tanegashima and their offspring included in this study 
Mother 
# 
Daughters 
n 
Daughters 
used in qPCR 
Sons 
n 
Sons 
used in qPCR 
1 8 3 - - 
2 8 3 - - 
3 2 2 - - 
4 3 3 - - 
5 6 0 - - 
6 7 5 6 5 
7 1 1 1 1 
8 3 2 4 2 
 
As control we included three female and three male E. mandarina from 
Hachijō-jima Island, Japan, from a population previously found to be 
infected only by wCI. We also included five females and five males of 
each wCI infected E. hecabe and uninfected E. smilax from various 
locations in Australia (Appendix A: Table A 3). 
 
DNA isolation  
Genomic DNA was extracted from single legs (the standard tissue used 
for Wolbachia detection in E. hecabe (Narita et al., 2007a)) using the 
GenElute Mammalian Genomic Miniprep kit (Sigma) according to the 
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manufacturer’s protocol. DNA was eluted in 100 µL elution solution 
and then stored at 4 °C. 
 
Wolbachia screening PCR 
PCR-based screening of Eurema individuals was performed using strain 
specific wsp primers for wCI and wFem (Narita et al., 2007a). Cycling 
conditions were 3 min at 94 °C, then 35 cycles of 94 °C for 30 s, 60 °C 
for 45 s, 72 °C for 60 s, and a final step at 72 °C for 10 min, and the 
master mix was as listed in Appendix A: Table A 2.   
 
PCR of the Tpi gene 
The Tpi gene is located on the Z chromosome of lepidopteran species. 
We amplified a highly variable intron using primers that were 
positioned in the conserved exon region of Tpi and previously used in 
(Jiggins et al., 2001). The PCR cycling conditions were 3 min at 94 °C, 
then 40 cycles of 94 °C for 30 s, 50 °C for 45 s, 72 °C for 1 min 20 s, 
and a final step at 72 °C for 10 min. PCR products were cleaned for 
direct sequencing by treatment with a combination of 0.5 U 
Exonuclease I (New England Biolabs, Ipswich, MA) and 0.25 U Shrimp 
Alkaline Phosphatase (Promega), with incubation at 37°C for 30min, 
then 95°C for 5min, prior to capillary sequencing by Macrogen (Seoul, 
Korea). 
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Table A 2 PCR conditions for Wolbachia detection and the Tpi gene 
PCR protocol wsp (wCI, wFem) Tpi  
Total volume 10 µL 20 µL  
5x MyTaq Red Reaction Buffer 1 x 1 x  
Primer 1 0.4 µM 0.8 µM  
Primer 2 0.4 µM 0.8 µM  
MyTaq™ Red DNA Polymerase 
(Bioline) 
0.5 U 1 U  
DNA Template 1 µL 1 µL  
 
Sequence data analysis 
In total we direct sequenced Tpi from 57 specimens of 8 mothers and 
their offspring (11 males and 38 females, see Appendix A: Table A 4). 
No indels or SNPs were observed in sequence chromatograms of 
females; some males where heterozygous due to detected double 
peaks and shifts of sequence reads. For this reason we sequenced 
males form both sides and assigned the ambiguous positions using the 
IUPAC code. We used PHASE (Stephens & Donnelly, 2003) algorithm as 
implement in DnaSP v5.10.01 (Librado & Rozas, 2009) to infer putative 
Tpi alleles  (coded as Allele 1 and Allele 2 in Appendix A: Table A 4). 
The sequences were then trimmed and edited in Geneious version 8.0.4 
(Kearse et al., 2012). The 485 bp alignment consisted of 13 parsimony 
informative sites, representing 17 haplotypes. The overall haplotype 
diversity was 0.914. We conducted a network analysis using the 
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median-joining method (Bandelt et al., 1999) implemented in PopART 
("http://popart.otago.ac.nz PopArt: Population analysis with reticulate 
trees,"). The network (Appendix A: Figure A 1) shows the high 
haplotype diversity. Of the 17 haplotypes only 5 haplotypes were 
shared between families. There was also no clear divergence of alleles 
found in wCI and wFem co-infected individuals. We also confirmed the 
presence of the qPCR primer sequences within individual sequences 
and thus excluded the presence of any pseudogenes in our sequence 
alignment. 
 
qPCR primer design 
Tpi primers were designed in an exon region of previously published 
sequences of E. mandarina (GenBank accession numbers: AB231163-
AB231194) (Narita et al., 2006). Primers amplifying an exon region of 
the kettin gene were designed based on an RNAseq sequence of E. 
mandarina (D Kageyama, personal communication) and sequenced 
from two females each of E. mandarina, E. hecabe  and E. smilax 
(GenBank accession numbers KM502545-KM502550). Primers for EF-
1α were designed from previously published E. mandarina sequences 
(GenBank accession numbers: AB194749-AB194754). All primers are 
shown in Appendix A: Table A 3 and were designed using the software 
PrimerQuest (http://www.idtdna.com/SCITOOLS/Applicati
ons/PrimerQuest/). 
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Table A 3 qPCR primers used for the amplification of Tpi, kettin and Ef-1α   
Name Primer sequence (5’  3’) Amplicon length (bp) Tm (℃) 
TPI-_F GGC CTC AAG GTC ATT GCC TGT  60 
TPI-_R 
Ket-F 
Ket-R 
EF-1F 
EF-1R 
ACA CGA CCT CCT CGG TTT TAC C 
TCA GTT AAG GCT ATT AAC GCT CTG 
ATA CTA CCT TTT GCG GTT ACT GTC 
AAA TCG GTG GTA TCG GTA CAG TGC 
ACA ACA ATG GTA CCA GGC TTG AGG 
73 
 
73 
 
73 
60 
60 
60 
60 
60 
Tm, primer melting temperature  
 
qPCR conditions 
qPCR reactions were performed on a Rotor-Gene Q PCR system 
(Qiagen). Using 20 µL reactions, each qPCR reaction contained 1x 
SensiFAST™ SYBR No-ROX (Bioline), 0.8 µL of each primer and 1 µL of 
template DNA.  Each DNA template was diluted 1:10 prior to reaction 
set up. Cycling conditions for all qPCR reactions were 2 min at 95 °C, 
then 40 cycles of 5 s at 95 °C, 10 s at 60 °C and 10 s at 72 °C. A melt 
curve for each primer pair was conducted to clarify that there was no 
primer dimer formation. Every run was performed analysing each 
specimen in three technical replicates with all three primer sets 
including a no-template control. One E. mandarina male was selected 
as a run calibrator in all runs in order to compare runs. 
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Quantitative Analysis of Gene Dose Ratio 
PCR amplification efficiencies were measured for each individual 
reaction using LinRegPCR (Ramakers et al., 2003) and tested that they 
were approximately equal (Ramakers et al., 2003). The relative copy 
number of the Z-linked genes was obtained as gene dose ratio (GDR) 
using the 2-ΔΔCt method, ΔCt = Cttarget - Ctreference (Livak & Schmittgen, 
2001). The target and the reference PCR efficiencies where 
approximately equal with less than 10 % difference and the ratios were 
calculated without efficiency correction (Livak & Schmittgen, 2001). 
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Table A 4 Gene dose ratio (GDR) of two Z chromosome markers of three Eurema species  
 
Sample number Mother 
W 
chromatin 
mother 
Species Location Phenotype Wolbachia GDR Tpi 
GDR 
Ket 
1-1 1 negative E. mandarina Tanegashima, Japan female wCI + wFem 0.56 0.49 
1-2 1 negative E. mandarina Tanegashima, Japan female wCI + wFem 0.52 0.65 
1-3 1 negative E. mandarina Tanegashima, Japan female wCI + wFem 0.41 0.54 
2-1 2 negative E. mandarina Tanegashima, Japan female wCI + wFem 0.46 0.56 
2-2 2 negative E. mandarina Tanegashima, Japan female wCI + wFem 0.46 0.35 
2-3 2 negative E. mandarina Tanegashima, Japan female wCI + wFem 0.46 0.61 
3-1 3 negative E. mandarina Tanegashima, Japan female wCI + wFem 0.69 0.40 
3-2 3 negative E. mandarina Tanegashima, Japan female wCI + wFem 0.38 0.23 
4-1 4 negative E. mandarina Tanegashima, Japan female wCI + wFem 0.31 0.51 
4-2 4 negative E. mandarina Tanegashima, Japan female wCI + wFem 0.27 0.29 
4-3 4 negative E. mandarina Tanegashima, Japan female wCI + wFem 0.28 0.30 
5-1 5 negative E. mandarina Tanegashima, Japan female wCI + wFem - - 
5-2 5 negative E. mandarina Tanegashima, Japan female wCI + wFem - - 
5-3 5 negative E. mandarina Tanegashima, Japan female wCI + wFem - - 
5-4 5 negative E. mandarina Tanegashima, Japan female wCI + wFem - - 
5-5 5 negative E. mandarina Tanegashima, Japan female wCI + wFem - - 
5-6 5 negative E. mandarina Tanegashima, Japan female wCI + wFem - - 
6-1 6 positive E. mandarina Tanegashima, Japan female wCI 0.54 0.53 
6-2 6 positive E. mandarina Tanegashima, Japan female wCI 0.56 0.64 
6-3 6 positive E. mandarina Tanegashima, Japan female cured 0.43 0.51 
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Sample number Mother 
W 
chromatin 
mother 
Species Location Phenotype Wolbachia GDR Tpi 
GDR 
Ket 
6-4 6 positive E. mandarina Tanegashima, Japan female cured 0.39 0.47 
6-5 6 positive E. mandarina Tanegashima, Japan female cured 0.41 0.43 
7-1 7 positive E. mandarina Tanegashima, Japan female wCI 0.41 0.58 
8-1 8 positive E. mandarina Tanegashima, Japan female wCI 0.47 0.53 
8-2 8 positive E. mandarina Tanegashima, Japan female wCI 0.36 0.42 
6-8 6 positive E. mandarina Tanegashima, Japan male wCI 0.76 0.95 
6-9 6 positive E. mandarina Tanegashima, Japan male wCI 0.97 0.99 
6-10 6 positive E. mandarina Tanegashima, Japan male cured 0.87 1.01 
6-11 6 positive E. mandarina Tanegashima, Japan male cured 1.41 1.01 
6-12 6 positive E. mandarina Tanegashima, Japan male cured 1.18 0.95 
7-2 7 positive E. mandarina Tanegashima, Japan male wCI 0.83 1.08 
8-4 8 positive E. mandarina Tanegashima, Japan male wCI 0.93 1.07 
8-5 8 positive E. mandarina Tanegashima, Japan male wCI 1.37 0.81 
HJ1  - E. mandarina Hachijō-jima, Japan male wCI 1.06 1.10 
HJ2  - E. mandarina Hachijō-jima, Japan male wCI 0.88 0.93 
HJ3  - E. mandarina Hachijō-jima, Japan female wCI 0.68 0.40 
HJ4  - E. mandarina Hachijō-jima, Japan female wCI 0.44 0.49 
HJ5  - E. mandarina Hachijō-jima, Japan female wCI 0.50 0.42 
HJ6  - E. mandarina Hachijō-jima, Japan male wCI 1.00 1.00 
20.13  - E. hecabe Clermont,  Australia female wCI 0.57 0.53 
20.14  - E. hecabe Clermont,  Australia female wCI 0.47 0.48 
20.15  - E. hecabe Clermont,  Australia female wCI 0.55 0.44 
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Sample number Mother 
W 
chromatin 
mother 
Species Location Phenotype Wolbachia GDR Tpi 
GDR 
Ket 
20.16  - E. hecabe Clermont,  Australia female wCI 0.47 0.41 
20.21  - E. hecabe Clermont,  Australia female wCI 0.52 0.46 
20.17  - E. hecabe Clermont,  Australia male wCI 1.00 1.00 
20.18  - E. hecabe Clermont,  Australia male wCI 0.99 1.03 
20.19  - E. hecabe Clermont,  Australia male wCI 1.18 0.97 
20.20  - E. hecabe Clermont,  Australia male wCI 1.00 1.00 
20.22  - E. hecabe Clermont,  Australia male wCI 0.98 0.91 
15.4  - E. smilax Charters Towers, Australia female No 0.51 0.31 
15.6  - E. smilax Charters Towers, Australia female No 0.43 0.40 
22.11  - E. smilax Yeppon, Australia female No 0.61 0.55 
22.14  - E. smilax Yeppon, Australia female No 0.48 0.54 
36.4  - E. smilax Ouyen, Australia female No 0.41 0.53 
15.3  - E. smilax Charters Towers, Australia male No 1.00 1.00 
15.5  - E. smilax Charters Towers, Australia male No 1.10 1.00 
22.12  - E. smilax Yeppon, Australia male No 1.09 0.96 
22.13  - E. smilax Yeppon, Australia male No 0.96 0.92 
36.9  - E. smilax Ouyen, Australia male No 0.77 1.14 
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Table A 5 Haplotype number of Eurema mandarina mothers from Tanegashima Island and their offspring 
 
Sample number Relationship Wolbachia tpi haplotype GenBank 
1 Mother wCI + wFem 1 KP731386 
1-1 Daughter wCI + wFem 2 KP731387 
1-2 Daughter wCI + wFem 2 KP731388 
1-3 Daughter wCI + wFem 3 KP731389 
1-4 Daughter wCI + wFem 3 KP731390 
1-5 Daughter wCI + wFem 3 KP731391 
1-6 Daughter wCI + wFem 3 KP731392 
1-7 Daughter wCI + wFem 2 KP731393 
1-8 Daughter wCI + wFem 2 KP731394 
2 Mother wCI + wFem 4 KP731395 
2-1 Daughter wCI + wFem 5 KP731396 
2-2 Daughter wCI + wFem 5 KP731397 
2-3 Daughter wCI + wFem 5 KP731398 
2-4 Daughter wCI + wFem 5 KP731399 
2-5 Daughter wCI + wFem 5 KP731400 
2-6 Daughter wCI + wFem 5 KP731401 
2-7 Daughter wCI + wFem 6 KP731402 
2-8 Daughter wCI + wFem 6 KP731403 
3 Mother wCI + wFem 7 KP731404 
3-1 Daughter wCI + wFem 5 KP731405 
3-2 Daughter wCI + wFem 6 KP731406 
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Sample number Relationship Wolbachia tpi haplotype GenBank 
4 Mother wCI + wFem 7 KP731407 
4-1 Daughter wCI + wFem 8 KP731408 
4-2 Daughter wCI + wFem 8 KP731409 
4-3 Daughter wCI + wFem 8 KP731410 
5 Mother wCI + wFem 9 KP731411 
5-1 Daughter wCI + wFem 10 KP731412 
5-2 Daughter wCI + wFem 10 KP731413 
5-3 Daughter wCI + wFem 11 KP731414 
5-4 Daughter wCI + wFem 10 KP731415 
5-5 Daughter wCI + wFem 10 KP731416 
5-6 Daughter wCI + wFem 10 KP731417 
6 Mother wCI 12 KP731430 
6-1 Daughter wCI 13 KP731427 
6-2 Daughter wCI 13 KP731428 
6-3 Daughter cured 14 KP731429 
6-4 Daughter cured 13 KP731431 
6-5 Daughter cured 14 KP731432 
6-6 Daughter wCI 13 KP731433 
6-7 Daughter wCI 13 KP731434 
7 Mother wCI 15 KP731420 
7-1 Daughter wCI 11 KP731418 
8 Mother wCI 8 KP731442 
8-1 Daughter wCI 8 KP731441 
8-2 Daughter wCI 17 KP731440 
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Sample number Relationship Wolbachia tpi haplotype GenBank 
8-3 Daughter wCI 8 KP731437 
6-8 Son wCI 13/12 KP731422 
6-9 Son wCI 13/12 KP731423 
6-10 Son wCI 14/12 KP731426 
6-11 Son cured 13/12 KP731421 
6-12 Son cured 13/12 KP731424 
6-13 Son cured 14/12 KP731425 
7-2 Son wCI 16/15 KP731419 
8-4 Son wCI 17/8 KP731435 
8-5 Son wCI 8/8 KP731438 
8-6 Son wCI 8/8 KP731436 
8-7 Son wCI 17/8 KP731439 
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Figure A 1 Network analysis of the Tpi gene using the median-joining method showing a 
high allele diversity
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Appendix
Table B 1 Field collection data for Eurema used in this study. Information for collection location, sex, results for wCI and wFem prevalence are included. 
Species Collection       Sex ratio Wolbachia 
prevalence (%) 
Date Location Region Latitude Longitude ♂ ♀ total ♂/total wCI wFem 
E. hecabe 4/2013 Darwin NT 130.92163˚ 12.41321˚ 11 14 25 0.44 1.00 0.00 
E. hecabe 7/2013 Bubba Wetlands NT 132.75261˚ 12.85293˚ 1 2 3 0.33 1.00 0.00 
E. hecabe 7/2013 Marry River  NT 131.59482˚ 12.86069˚ 5 8 13 0.38 1.00 0.00 
E. hecabe 7/2013 Bowerbird Creek NT 132.17279˚ 13.63668˚ 1 0 1 1.00 1.00 0.00 
E. hecabe 7/2013 Umbrawarra Gorge NT 131.69928˚ 13.96653˚ 3 2 5 0.60 1.00 0.00 
E. hecabe 7/2013 Edith River NT 132.04395˚ 14.18315˚ 0 1 1 0.00 1.00 0.00 
E. hecabe 5/2013 Palmer River NQLD 144.77633˚ 16.10928˚ 27 28 55 0.49 1.00 0.00 
E. hecabe 5/2013 Mcleod River NQLD 145.00208˚ 16.49854˚ 10 6 16 0.63 1.00 0.00 
E. hecabe 5/2013 Port Douglas NQLD 145.46800˚ 16.53216˚ 12 22 34 0.35 1.00 0.00 
E. hecabe 5/2013 Mount Molloy NQLD 145.31163˚ 16.66084˚ 0 1 1 0.00 1.00 0.00 
E. hecabe 5/2013 Cairns NQLD 145.7753°  16.9256°  45 43 98 0.46 1.00 0.00 
E. hecabe 5/2013 Herberton NQLD 145.38356˚ 17.38445˚ 5 2 7 0.71 1.00 0.00 
E. hecabe 5/2013 Hidden Valey  NQLD 146.02428˚ 18.96608˚ 1 1 2 0.50 1.00 0.00 
E. hecabe 5/2013 Greenvale NQLD 144.98360˚ 19.00095˚ 6 6 12 0.50 1.00 0.00 
E. hecabe 5/2013 Mount Fullstof NQLD 145.45741˚ 19.23508˚ 8 5 13 0.62 1.00 0.00 
E. hecabe 5/2013 Townsville NQLD 146.8183°  19.2564° 24 18 42 0.57 1.00 0.00 
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Species Collection       Sex ratio Wolbachia 
prevalence (%) 
Date Location Region Latitude Longitude ♂ ♀ total ♂/total wCI wFem 
E. hecabe 5/2013 Ella Creek NQLD 145.92380˚ 19.42639˚ 5 4 9 0.56 1.00 0.00 
E. hecabe 5/2013 Charters Towers NQLD 146.49153˚ 19.96736˚ 4 5 9 0.44 1.00 0.00 
E. hecabe 5/2013 Bowen CQLD 148.2333°  20.0167° 24 25 49 0.49 1.00 0.00 
E. hecabe 5/2013 Cape River CQLD 146.42685˚ 20.99900˚ 8 5 13 0.62 1.00 0.00 
E. hecabe 5/2013 Mackay CQLD 149.1861°  21.1411° 41 46 87 0.47 1.00 0.00 
E. hecabe 5/2013 Clermont CQLD 147.51506˚ 22.54322˚ 0 1 1 0.00 1.00 0.00 
E. hecabe 5/2013 Peak Range  CQLD 148.01540˚ 22.67064˚ 5 7 12 0.42 1.00 0.00 
E. hecabe 5/2013 Dysart CQLD 148.44652˚ 22.71564˚ 4 3 7 0.57 1.00 0.00 
E. hecabe 5/2013 Yeppoon CQLD 150.65939˚ 23.20676˚ 1 4 5 0.20 1.00 0.00 
E. hecabe 4/2011 Gladstone CQLD 151.2625°  23.8489° 22 19 41 0.54 1.00 0.00 
E. hecabe 4/2011 Gin Gin SEQLD 151.95809° 24.99363° 41 27 68 0.60 1.00 0.00 
E. hecabe 4/2011 Hervey Bay SEQLD 152.8728°  25.2853° 2 2 4 0.50 1.00 0.00 
E. hecabe 4/2011 Maryborough SEQLD 152.7019°  25.5375° 19 11 30 0.63 1.00 0.00 
E. hecabe 4/2011 Brisbane SEQLD 153.0278°  27.4679° 3 9 12 0.25 1.00 0.00 
E. hecabe 5/2011 Goondiwindi SEQLD 150.30649˚ 28.52421˚ 6 3 9 0.67 1.00 0.00 
E. hecabe 5/2011 Ballina NNSW 153.56477˚ 28.86673˚ 2 1 3 0.67 1.00 0.00 
E. smilax 5/2013 Ella Creek NQLD 19.42639˚ 145.92380˚ 6 5 11 0.55 0.00 0.00 
E. smilax 5/2013 Charters Towers NQLD 20.17119˚ 146.00165˚ 10 2 12 0.83 0.00 0.00 
E. smilax 5/2013 Clermont CQLD 22.54322˚ 147.51506˚ 6 2 8 0.75 0.00 0.00 
E. smilax 5/2013 Yeppoon CQLD 23.20676˚ 150.65939˚ 7 2 9 0.78 0.00 0.00 
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Species Collection       Sex ratio Wolbachia 
prevalence (%) 
Date Location Region Latitude Longitude ♂ ♀ total ♂/total wCI wFem 
E. smilax 3/2012 Dubbo CNNSW 32.2569˚ 148.6011˚ 2 0 2 1.00 0.00 0.00 
E. smilax 5/2013 Ouyen NWVIC 35.07198˚ 142.31148˚ 8 2 10 0.80 0.00 0.00 
E. smilax 5/2013 Underbool NWVIC 35.1703˚ 141.80463˚ 3 1 4 0.75 0.00 0.00 
NT = Northern Territory, NQLD = Northern Qeensland, CQLD = Central Queensland, SEQLD = South East Queensland, NNSW = 
Northern New South Wales, CNNSW = Central Northern New South Wales, NWVIC = North West Victoria 
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Table B 2 Haplotypes and alllels of 75 Eurema hecabe of seven populations and 56 Eurema 
smilax of seven populations used for sequencing of the COI and Ef-1α gene. The 75 E. hecabe 
were also screened for different bacteria. 
   Hap id COI Allele 1 Ef-1α Allele 2 Ef-1α 
Eurema hecabe 
Darwin DW1 2 KT273563 2 KT273498 3 KT273499 
DW3 2 KT273563 1 KT273497 2 KT273498 
DW4 2 KT273563 1 KT273497 8 KT273504 
DW9 1 KT273562 1 KT273497 3 KT273499 
DW10 2 KT273563 1 KT273497 1 KT273497 
DW11 1 KT273562 1 KT273497 3 KT273499 
DW13 4 KT273565 - - - - 
DW15 1 KT273562 1 KT273497 3 KT273499 
DW21 1 KT273562 1 KT273497 3 KT273499 
DW22 2 KT273563 1 KT273497 5 KT273501 
Cairns CA07 2 KT273563 1 KT273497 2 KT273498 
 CA08 2 KT273563 1 KT273497 1 KT273497 
 CA15 1 KT273562 1 KT273497 2 KT273498 
 CA16 1 KT273562 - - - - 
 C17 3 KT273564 1 KT273497 3 KT273499 
 CA22 3 KT273564 1 KT273497 1 KT273497 
 CA28 1 KT273562 7 - 7 KT273503 
 CA29 3 KT273564 1 KT273497 3 KT273499 
 PR1 2 KT273563 2 KT273498 3 KT273499 
 PR5 1 KT273562 1 KT273497 3 KT273499 
Charters 
Towers 
CT01 1 KT273562 2 KT273498 5 KT273501 
CT02 1 KT273562 1 KT273497 3 KT273499 
CT03 3 KT273564 1 KT273497 1 KT273497 
CT04 1 KT273562 2 KT273498 5 KT273501 
CT05 1 KT273562 2 KT273498 6 KT273502 
CT15 1 KT273562 1 KT273497 1 KT273497 
CT16 1 KT273562 1 KT273497 1 KT273497 
CT17 1 KT273562 1 KT273497 9 KT273505 
CT18 1 KT273562 1 KT273497 2 KT273498 
CT20 1 KT273562 1 KT273497 1 KT273497 
Mackay MY6 2 KT273563 3 KT273499 4 KT273500 
MY7 1 KT273562 1 KT273497 2 KT273498 
MY8 3 KT273564 1 KT273497 2 KT273498 
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   Hap id COI Allele 1 Ef-1α Allele 2 Ef-1α 
MY9 1 KT273562 2 KT273498 3 KT273499 
MY13 1 KT273562 2 KT273498 3 KT273499 
MY18 2 KT273563 1 KT273497 3 KT273499 
MY19 2 KT273563 1 KT273497 4 KT273500 
MY22 1 KT273562 2 KT273498 3 KT273499 
MY23 3 KT273564 1 KT273497 4 KT273500 
MY24 1 KT273562 2 KT273498 3 KT273499 
MY28 2 KT273563 1 KT273497 3 KT273499 
Gladstone YP17 1 KT273562 - - - - 
YP19 1 KT273562 - - - - 
YP20 3 KT273564 1 KT273497 1 KT273497 
GS02 2 KT273563 1 KT273497 3 KT273499 
GS04 1 KT273562 1 KT273497 2 KT273498 
GS05 3 KT273564 1 KT273497 1 KT273497 
GS08 1 KT273562 1 KT273497 1 KT273497 
GS10 2 KT273563 2 KT273498 3 KT273499 
GS11 2 KT273563 1 KT273497 3 KT273499 
GS12 3 KT273564 1 KT273498 3 KT273499 
GS13 3 KT273564 2 KT273500 2 KT273498 
GS15 2 KT273563 1 KT273497 2 KT273498 
GS40 2 KT273563 3 KT273499 3 KT273499 
GS41 5 KT273566 8 KT273504 3 KT273499 
Gin Gin GN1 1 KT273562 1 KT273497 3 KT273499 
GN2 3 KT273564 1 KT273497 3 KT273499 
GN3 2 KT273563 1 KT273497 2 KT273498 
GN4 1 KT273562 1 KT273497 2 KT273498 
GN5 4 KT273565 1 KT273497 2 KT273498 
GN7 3 KT273564 1 KT273497 1 KT273497 
GN8 1 KT273562 1 KT273497 4 KT273500 
GN9 - - 1 KT273497 1 KT273497 
GN10 3 KT273564 1 KT273497 1 KT273497 
GN13 3 KT273564 1 KT273497 2 KT273498 
Brisbane Br2 - - 1 KT273497 4 KT273500 
Br3 1 KT273562 2 KT273500 2 KT273498 
Br5 3 KT273564 1 KT273497 2 KT273498 
Br6 3 KT273564 2 KT273500 5 KT273501 
Br7 1 KT273562 1 KT273497 2 KT273498 
Br8 3 KT273564 1 KT273497 2 KT273498 
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   Hap id COI Allele 1 Ef-1α Allele 2 Ef-1α 
Br9 3 KT273564 1 KT273497 1 KT273497 
Br11 2 KT273563 2 KT273500 3 KT273499 
Br12 1 KT273562 1 KT273497 6 KT273502 
Br14 2 KT273563 1 KT273497 2 KT273498 
Eurema smilax 
Ella Creek EC6 1 KT273553 1 KT273534 2 KT273535 
EC7 1 KT273553 2 KT273535 3 KT273536 
EC8 3 KT273555 - - - - 
EC9 4 KT273556 - - - - 
EC10 1 KT273553 1 KT273534 2 KT273535 
EC12 1 KT273553 2 KT273535 2 KT273535 
EC14 2 KT273554 2 KT273535 2 KT273535 
EC15 1 KT273553 - - - - 
EC16 1 KT273553 - - - - 
EC17 1 KT273553 2 KT273535 2 KT273535 
EC18 1 KT273553 2 KT273535 2 KT273535 
Charters 
Towers 
CT2 2 KT273554 2 KT273535 2 KT273535 
CT3 1 KT273553 2 KT273535 2 KT273535 
CT5 3 KT273555 2 KT273535 2 KT273535 
CT6 1 KT273553 4 KT273537 5 KT273538 
SC3  - 2 KT273535 1 KT273534 
SC4 1 KT273553 2 KT273535 1 KT273534 
SC5  - 2 KT273535 7 KT273540 
SC6 5 KT273557 2 KT273535 8 KT273541 
SC7  - 2 KT273535 1 KT273534 
SC8  - 9 - 9 KT273542 
SC10 1 KT273553 2 KT273535 6 KT273539 
SC12 1 KT273553 2 KT273535 2 KT273535 
Clermont CL1 1 KT273553 2 KT273535 2 KT273535 
CL3 1 KT273553 6 KT273539 10 KT273543 
CL4 1 KT273553 2 KT273535 11 KT273544 
CL5 1 KT273553 2 KT273535 2 KT273535 
CL6 1 KT273553 2 KT273535 12 KT273545 
PN12  - 1 KT273534 2 KT273535 
PN24 1 KT273553 13 - 14 KT273547 
PN25 7 KT273559 - - - - 
PN26  - 2 KT273535 2 KT273535 
Yeppoon YP1  - 2 KT273535 8 KT273541 
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   Hap id COI Allele 1 Ef-1α Allele 2 Ef-1α 
YP9 1 KT273553 2 KT273535 7 KT273540 
YP10 1 KT273553 2 KT273535 8 KT273541 
YP11 1 KT273553 5 KT273538 5 KT273538 
YP13 1 KT273553 2 KT273535 6 KT273539 
YP14 1 KT273553 2 KT273535 15 KT273548 
YP15 1 KT273553 2 KT273535 2 KT273535 
YP16 6 KT273558 2 KT273535 2 KT273535 
Dubbo Db1 4 KT273556 2 KT273535 2 KT273535 
Db2 1 KT273553 2 KT273535 6 KT273539 
Ouyen Oy2 1 KT273553 2 KT273535 1 KT273534 
Oy3 8 KT273560 2 KT273535 6 KT273539 
Oy4 1 KT273553 2 KT273535 16 KT273549 
Oy5 5 KT273557 2 KT273535 17 KT273550 
Oy6 9 KT273561 2 KT273535 18 KT273551 
Oy8 1 KT273553 2 KT273535 2 KT273535 
Oy9 1 KT273554 2 KT273535 2 KT273535 
Oy10 6 KT273558 2 KT273535 7 KT273540 
Underbool Ub1 1 KT273553 2 KT273535 19 KT273552 
Ub6 1 KT273553 2 KT273535 2 KT273535 
Ub1 1 KT273553 2 KT273535 2 KT273535 
Ub2 1 KT273553 - - - - 
Ub3 1 KT273553 2 KT273535 2 KT273535 
Ub8 1 KT273553 2 KT273535 8 KT273541 
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Table B 3 Primers used in this study. 
Locus  Primer Target genome Sequence (5'-3') Reference 
COI LCO1490   mitochondria GGTCAACAAATCATAAAGATATTGG  Folmer et al. 1994 
 HCO2198    TAAACTTCAGGGTGACCAAAAAATCA  Folmer et al. 1994 
Ef-1α  ef44m nuclear GCTGAGCGYGAGCGTGGTATTAC Kim et al. 2010 
 efrcM4  ACAGCVACKGTYTGYCTCATRTC Monteiro and Pierce, 2001 
Wsp 81F Wolbachia TGGTCCAATAAGTGATGAAGAAAC Zhou et al. 1998 
 691R  AAAAATTAAACGCTACTCCA Zhou et al. 1998 
 
HecFem 
 
 TTACTCACAATTGGCTAAAGAT  Narita et al. 2007b 
 
HecCI   
 
 ACTAACGTCGTTTTTGTTTAG  Narita et al. 2007b 
     
     
     
     
gatB gatB_F1 Wolbachia GAKTTAAAYCGYGCAGGBGTT Baldo et al. 2006 
 gatB_R1  TGGYAAYTCRGGYAAAGATGA Baldo et al. 2006 
 gatB_BspecF1  TAAGAATCGCAAGAATTCAC Baldo et al. 2006 
coxA coxA_F1 Wolbachia TTGGRGCRATYAACTTTATAG Baldo et al. 2006 
 coxA_R1  CTAAAGACTTTKACRCCAGT Baldo et al. 2006 
 coxA_BspecF1  ATACCCACCTYTRTCGCAAA Baldo et al. 2006 
hcpA hcpA_F1 Wolbachia GAAATARCAGTTGCTGCAAA Baldo et al. 2006 
 hcpA_R1  GAAAGTYRAGCAAGYTCTG Baldo et al. 2006 
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Locus  Primer Target genome Sequence (5'-3') Reference 
 hcpA_BspecR1  TTCTTTGTCGCTMACTTYAATCAKG Baldo et al. 2006 
ftsZ ftsZ_F1 Wolbachia ATY ATG GAR CAT ATA AAR GAT AG Baldo et al. 2006 
 ftsZ_R1  TCR AGY AAT GGA TTR GAT AT Baldo et al. 2006 
 ftsZ_BspecF1  AAAGATAGCCATATGCTCTTT Baldo et al. 2006 
 ftsZ_BspecR1  CATTGCTTTACCCATCTCA Baldo et al. 2006 
fbpA fbpA_F1 Wolbachia GCT GCT CCR CTT GGY WTG AT Baldo et al. 2006 
 fbpA_R1  CCR CCA GAR AAA AYY ACT ATT C Baldo et al. 2006 
 fbpA_BspecF1  GTTAACCCTGATGCTTACGAT Baldo et al. 2006 
 fbpA_BspecR1  CCRCCAGARAAAAYYACTATTC Baldo et al. 2006 
16S rDNA R1 
Rickettsia 
GCTCTTGCAACTTCTATGTT  Von der Schulenburg et al. 2001 
16S rDNA R2 CATTGTTCGTCAGGTTGGCG  Von der Schulenburg et al. 2001 
16S rDNA SpixoF   
Spiroplasma ixodetis  
TTAGGGGCTCAACCCCTAACC  Duron et al. 2008 
16S rDNA SpixoR   TCTGGCATTGCCAACTCTC  Duron et al. 2008 
16S rDNA SpoulF   Spiroplasma 
poulsonii 
GCTTAACTCCAGTTCGCC  Montenegro et al. 2005 
16S rDNA SpoulR   CCTGTCTCAATGTTAACCTC  Montenegro et al. 2005 
16S rDNA CLOf1   
Cardinium 
GGAACCTTACCTGGGCTAGAATGTATT  Gotoh et al. 2007 
16S rDNA CLOr1   GCCACTGTCTTCAAGCTCTACCAAC  Gotoh et al. 2007 
23S rDNA Ars23S1   
Arsenophonus 
CGTTTGATGAATTCATAGTCAAA  Thao et al. 2003 
23S rDNA Ars23S2   GGTCCTCCAGTTAGTGTTACCCAAC  Thao et al. 2004 
Promotor SP6   
pGEM T-Easy Vector 
ATTTAGGTGACACTATAG   
Terminator T7   TAATACGACTCACTATAGGG    
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Table B 4 PCR protocols Wolbachia. 
PCR protocol wsp MLST 
Total volume 10 μL / 20 μL 20 μL 
GoTaq Reaction 
Buffer 
1 X 1X 
MgCl2 1.5 mM 1.5 mM 
dNTP 200 μM each 200 μM each 
Primer 1 0.4 μM 1 μM 
Primer 2 0.4 μM 1 μM 
GoTaq DNA 
polymerase 
0.4 U / 0.8 u 0.8 U 
DNA Template 1 μL / 2 μL 1 μL 
   
Thermal Cycling     
Denaturation 94 °C for 4 min 94° C for 4 min 
Cycling 94 °C for 30 s, [primer-
specific T]°C for 45s, 72°C 
for 1min (x 35 cycles) 
94° C for 30 s, [primer-specific T]°C for 
45 s, 72 °C for 1min (x 35 cycles) 
Final extension 72 °C for 10 min 72 °C for 10 min 
   
Primer pairs (and primer specific annealing temperature T) 
  gatB_F1 / gatB_R1 (54 °C) 
 81F / 691R (55 °C) coxA_F1 / coxA_R1 (55 °C) 
 HecFem / 691R (51 °C) hcpA_F1 / hcpA_R1 (53 °C) 
 81F / HecCI (51 °C) ftsZ_F1 / ftsZ_R1 (52 °C) 
 FemFor / FemRev (55°C) fbpA_F1 / fbpA_R1 (58 °C) 
 CIFor / CIRev (55 °C) (B‐group specific) 
  gatB_BspecF1 / gatB_R1 (60 °C) 
  coxA_BspecF1 / coxA_R1 (54 °C) 
  hcpA_F1 / hcpA_BspecR1 (55 °C) 
  ftsZ_BspecR1 / ftsZ_BspecR1  (58 °C) 
  fbpA_BspecF1 / fbpA_R1 (58 °C) 
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Table B 5 PCR protocol bacteria (other than Wolbachia), nuDNA and mtDNA genes. 
PCR protocol Bacteria Ef-1α  COI 
Total volume 10 μL 20 µL 10 μL / 20 μL 
5x MyTaq Red 
Reaction Buffer 
4 μL 2 μL 2 μL / 4 μL 
Primer 1 0.4 µM 0.4 µM 0.4 µM 
Primer 2 0.4 µM 0.4µ M 0.4 µM 
BSA - - 0.5 µL 
MyTaq™ Red 
DNA Polymerase 
(Bioline) 
0.5 U 1 U 0.5 U / 1 U 
DNA Template 1 µL 1 µL 1 µL 
    
Thermal Cycling    
Denaturation 94 °C for 3 min 94 °C for 4 min 94 °C for 4 min 
Cycling 94 °C for 30 s, 
[primer-specific T] 
°C for 30 s, 72 °C for 
1 min (x 35 cycles) 
94 °C for 30 s, 51 °C 
for 30 s, 72 °C for 1 
min (x 35 cycles) 
94 °C for 30 s, 45 °C 
for 45 s, 72 °C for 1 
min (x 5 cycles) 
   94 °C for 30 s, 51 °C 
for 45 s, 72 °C for 1 
min (x 35 cycles) 
Final extension 72 °C for 10 min 72 °C for 10 min 72 °C for 10 min 
    
Primer pairs (annealing temp)   
 R1 / R2  (54° C) ef44m / efrcM4 LCO1490  / HCO2198 
 SpixoF / SpixoR  (52 °C) 
SpoulF / SpoulR  (55 °C) 
CLOf1 / CLOr1  (54 °C) 
Ars23S1 / Ars23S1 (58 °C) 
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Table B 6 Results of the SAMOVA analysis, showing values for variation among groups (ΦCT) 
and within populations (ΦSC) of Eurema hecabe. 
K  COI sites ΦCT ΦSC 
2 ["CT"], ["DW" "CA" "MY" "GS" "GN" "BR"] 0.23734 -0.01985 
3 ["DW"], ["CT"], [ "CA" "MY" "GS" "GN" "BR"] 0.19145 -0.0523 
4 ["DW"], ["CT"], ["MY"], ['GS" "BR" "CA" "GN”] 0.16579 -0.07198 
5 ["DW"], ["CT"], ["MY"], ["GS" "CA"] ["BR"  "GN"] 0.15084 -0.08952 
6 ["DW"], ["CT"], ["MY"], ["GS"] ["CA"] ["BR"  "GN"] 0.14539 -0.09298 
K Ef-1α  sites ΦCT ΦSC 
2 ["CT" "BR"], ["DW" "CA" "MY" "GS" "GN"] 0.0547 -0.00846 
3 ["CT" "BR"], ["GN"], ["DW" "CA" "MY" "GS"] 0.05278 -0.01862 
4 ["CT"] ["BR"], ["GN"], ["DW" "CA" "MY" "GS"] 0.04975 -0.01876 
5 ["CT" "BR"], ["GN"], ["CA"], ["MY"], ["DW" "GS"] 0.05185 -0.03033 
6 ["CT"], ["BR"], ["GN"], ["CA"], ["MY"], ["DW" "GS"] 0.03892 -0.01914 
Values in bold indicate statistical significance 
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Table B 7 Genetic distances between the five COI haplotypes of Eurema hecabe 
Haplotype H1 H2 H3 H4 
H2 0.0018    
H3 0.0035 0.0053   
H4 0.0018 0.0035 0.0053  
H5 0.0018 0.0035 0.0018 0.0035 
Average 0.00318 ± 0.001375 
 
Table B 8 Genetic distances between the nine COI haplotypes of Eurema smilax. 
Haplotype H1 H2 H3 H4 H5 H6 H7 H8 
H2 0.0017        
H3 0.0017 0.0035       
H4 0.0017 0.0035 0.0035      
H5 0.0017 0.0035 0.0035 0.0035     
H6 0.0017 0.0035 0.0035 0.0035 0.0035    
H7 0.0035 0.0017 0.0053 0.0053 0.0053 0.0053   
H8 0.0035 0.0053 0.0017 0.0053 0.0053 0.0053 0.0070  
H9 0.0017 0.0035 0.0035 0.0035 0.0035 0.0035 0.0053 0.0053 
Average 0.0037  ±  0.001382 
 
Table B 9 Genetic distances between the nine Ef-1α allele types of Eurema hecabe 
Allele H1 H2 H3 H4 H5 H6 H7 H8 
H2 0.003        
H3 0.0015 0.0015       
H4 0.0045 0.0045 0.003      
H5 0.0015 0.0045 0.003 0.006     
H6 0.0015 0.0045 0.003 0.006 0.003    
H7 0.003 0.003 0.0015 0.0015 0.0045 0.0045   
H8 0.003 0.003 0.0015 0.0045 0.0045 0.0045 0.003  
H9 0.003 0.003 0.0015 0.0045 0.0045 0.0045 0.003 0.003 
Average 0.00333 ± 0.0013 
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Table B 10 Genetic distances between the 19 Ef-1α allele types of Eurema smilax. 
Haplotype H1 H2 H3 H4 H5 H6 H7 H8 H9 H10 H11 H12 H13 H14 H15 H16 H17 H18 
H2 0.0015                  
H3 0.0029 0.0015                 
H4 0.0015 0.0029 0.0044                
H5 0.0029 0.0015 0.0029 0.0015               
H6 0.0029 0.0015 0.0029 0.0044 0.003              
H7 0.0029 0.0015 0.0029 0.0044 0.0029 0.0029             
H8 0.0029 0.0015 0.0029 0.0044 0.003 0.003 0.0029            
H9 0.0029 0.0015 0.0029 0.0044 0.0029 0.0029 0.0029 0.0029           
H10 0.0074 0.0059 0.0074 0.0089 0.0074 0.0074 0.0074 0.0074 0.0074          
H11 0.0029 0.0015 0.0029 0.0044 0.0029 0.0029 0.0029 0.0029 0.0029 0.0074         
H12 0.0029 0.0015 0.0029 0.0044 0.003 0.003 0.0029 0.003 0.0029 0.0074 0.0029        
H13 0.0029 0.0015 0.0029 0.0044 0.003 0.003 0.0029 0.003 0.0029 0.0074 0.0029 0.003       
H14 0.0044 0.003 0.0044 0.0059 0.0045 0.0045 0.0044 0.0045 0.0044 0.0089 0.0044 0.0015 0.0015      
H15 0.0029 0.0015 0.0029 0.0044 0.0029 0.0029 0.0029 0.0029 0.0029 0.0074 0.0029 0.0029 0.0029 0.0044     
H16 0.0029 0.0015 0.003 0.0044 0.0029 0.0029 0.0029 0.0029 0.0029 0.0045 0.0029 0.0029 0.0029 0.0044 0.0029    
H17 0.0044 0.0029 0.0044 0.0059 0.0044 0.0044 0.0044 0.0044 0.0044 0.0059 0.0044 0.0044 0.0044 0.0059 0.0044 0.0044   
H18 0.0029 0.0015 0.003 0.0044 0.0029 0.0029 0.0029 0.0029 0.0029 0.0074 0.0029 0.0029 0.0029 0.0044 0.0029 0.003 0.0044  
H19 0.0044 0.003 0.0044 0.0059 0.0045 0.0045 0.0044 0.0045 0.0044 0.0089 0.0044 0.0045 0.0045 0.006 0.0044 0.0044 0.0059 0.0044 
Average 0.003766 ± 0.00161 
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Appendix C  
Table C 1 Table of collected Eurema specimens, their collection information, their Wolbachia, COI haplotypes and Ef-1α alleles (including GenBank 
accession numbers). 
Species Location Latitude 
(˚S) 
Longitude 
(˚E) 
Elevation 
in m 
Collection 
date 
Label ID Wolbachia Haplotype COI 
sequence 
accession 
no. 
Allele 
1 
Ef-1α 
sequence 
accession 
no. 
Allele2 Ef-1α 
sequence 
accession 
no. 
Eurema herla 
Umbrawarra 
Gorge 
13.967 131.699 204 
29.07.201
3 
27.7 N - yes her3 KT273508 her15 KT273520 
Eurema herla 
Umbrawarra 
Gorge 
13.967 131.699 205 
29.07.201
4 
27.19 N her1 KT273578 her1 KT273506 her14 KT273519 
Eurema herla 
Umbrawarra 
Gorge 
13.967 131.699 204 
29.07.201
3 
27.15 N her7 KT273584 her1 KT273506 her8 KT273513 
Eurema herla 
Umbrawarra 
Gorge 
13.967 131.699 204 
29.07.201
3 
27.10 N - yes - n - n 
Eurema herla Palmer River 16.109 144.776 428 2.5.2013 2.56 N - yes - n - n 
Eurema herla Palmer River 16.109 144.776 428 2.5.2013 2.57 N - yes - n - n 
Eurema herla Palmer River 16.109 144.776 428 2.5.2013 2.58 N - yes - n - n 
Eurema herla Palmer River 16.109 144.776 428 2.5.2013 2.59 N - yes - n - n 
Eurema herla Palmer River 16.109 144.776 428 2.5.2013 2.61 N - yes - n - n 
Eurema herla Mount Molloy 16.661 145.312 398 2.5.2013 4.3 N her1 KT273578 - n - n 
Eurema herla Herberton 2 17.390 145.349 990 3.5.2013 6.4 N her2 KT273579 - n - n 
Eurema herla Greenvale 19.001 144.984 457 4.5.2013 9.1 N - yes - n - n 
Eurema herla Greenvale 19.001 144.984 457 4.5.2013 9.2 N - yes - n - n 
Eurema herla Greenvale 19.001 144.984 457 4.5.2013 9.3 N - yes - n - n 
Eurema herla Greenvale 19.001 144.984 457 4.5.2013 9.4 N - yes - n - n 
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Species Location Latitude 
(˚S) 
Longitude 
(˚E) 
Elevation 
in m 
Collection 
date 
Label ID Wolbachia Haplotype COI 
sequence 
accession 
no. 
Allele 
1 
Ef-1α 
sequence 
accession 
no. 
Allele2 Ef-1α 
sequence 
accession 
no. 
Eurema herla Greenvale 19.001 144.984 457 4.5.2013 9.5 n - yes - n - n 
Eurema herla Greenvale 19.001 144.984 457 4.5.2013 9.6 N - yes - n - n 
Eurema herla Greenvale 19.001 144.984 457 4.5.2013 9.7 N - yes - n - n 
Eurema herla Greenvale 19.001 144.984 457 4.5.2013 9.8 N - yes - n - n 
Eurema herla Greenvale 19.001 144.984 457 4.5.2013 9.9 N - yes - n - n 
Eurema herla Greenvale 19.001 144.984 457 4.5.2013 9.10 N - yes - n - n 
Eurema herla Greenvale 19.001 144.984 457 4.5.2013 9.11 N - yes - n - n 
Eurema herla Greenvale 19.001 144.984 457 4.5.2013 9.12 N - yes - n - n 
Eurema herla Greenvale 19.001 144.984 457 4.5.2013 9.13 N - yes - n - n 
Eurema herla Greenvale 19.001 144.984 457 4.5.2013 9.14 N - yes - n - n 
Eurema herla Greenvale 19.001 144.984 457 4.5.2013 9.15 n - yes - n - n 
Eurema herla Greenvale 19.001 144.984 457 4.5.2013 9.16 n - yes - n - n 
Eurema herla Greenvale 19.001 144.984 457 4.5.2013 9.17 n - yes - n - n 
Eurema herla Greenvale 19.001 144.984 457 4.5.2013 9.18 n - yes - n - n 
Eurema herla Greenvale 19.001 144.984 457 4.5.2013 9.19 n - yes - n - n 
Eurema herla Greenvale 19.001 144.984 457 4.5.2013 9.20 n - yes - n - n 
Eurema herla Greenvale 19.001 144.984 457 4.5.2013 9.21 n - yes - n - n 
Eurema herla Greenvale 19.001 144.984 457 4.5.2013 9.22 n - yes - n - n 
Eurema herla Greenvale 19.001 144.984 457 4.5.2013 9.23 n - yes - n - n 
Eurema herla Greenvale 19.001 144.984 457 4.5.2013 9.24 n - yes - n - n 
Eurema herla Greenvale 19.001 144.984 457 4.5.2013 9.25 n - yes - n - n 
Eurema herla Greenvale 19.001 144.984 457 4.5.2013 9.26 n - yes - n - n 
Eurema herla Mount Fullstof 19.235 145.457 379 4.5.2013 10.2 n - yes - n - n 
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Species Location Latitude 
(˚S) 
Longitude 
(˚E) 
Elevation 
in m 
Collection 
date 
Label ID Wolbachia Haplotype COI 
sequence 
accession 
no. 
Allele 
1 
Ef-1α 
sequence 
accession 
no. 
Allele2 Ef-1α 
sequence 
accession 
no. 
Eurema herla Mount Fullstof 19.235 145.457 379 4.5.2013 10.3 n - yes - n - n 
Eurema herla Mount Fullstof 19.235 145.457 379 4.5.2013 10.4 n - yes - n - n 
Eurema herla Mount Fullstof 19.235 145.457 379 4.5.2013 10.5 n - yes - n - n 
Eurema herla Mount Fullstof 19.235 145.457 379 4.5.2013 10.6 n - yes - n - n 
Eurema herla Mount Fullstof 19.235 145.457 379 4.5.2013 10.7 n - yes - n - n 
Eurema herla Mount Fullstof 19.235 145.457 379 4.5.2013 10.8 n - yes - n - n 
Eurema herla Mount Fullstof 19.235 145.457 379 4.5.2013 10.9 n - yes - n - n 
Eurema herla Mount Fullstof 19.235 145.457 379 4.5.2013 10.10 n - yes - n - n 
Eurema herla Mount Fullstof 19.235 145.457 379 4.5.2013 11.1 n - yes - n - n 
Eurema herla Ella Creek 19.426 145.924 316 4.5.2013 11.2 n her3 KT273580 her3 KT273508 her10 KT273515 
Eurema herla Ella Creek 19.426 145.924 316 4.5.2013 11.3 n her1 KT273578 her1 KT273506 her11 KT273516 
Eurema herla Ella Creek 19.426 145.924 316 4.5.2013 11.4 n her9 KT273586 her6 KT273511 her7 KT273512 
Eurema herla Ella Creek 19.426 145.924 316 4.5.2013 11.5 n - yes - n - n 
Eurema herla Cape River 20.999 146.427 198 7.5.2013 17.6 n - yes - n - n 
Eurema herla Cape River 20.999 146.427 198 7.5.2013 17.7 n - yes - n - n 
Eurema herla Cape River 20.999 146.427 198 7.5.2013 17.10 n her5 KT273582 her1 KT273506 her12 KT273517 
Eurema herla Cape River 20.999 146.427 198 7.5.2013 17.11 n - yes - n - n 
Eurema herla Cape River 20.999 146.427 198 7.5.2013 17.12 n - yes - n - n 
Eurema herla Cape River 20.999 146.427 198 7.5.2013 17.13 n - yes - n - n 
Eurema herla Cape River 20.999 146.427 198 7.5.2013 17.14 n her6 KT273583 her3 KT273508 her13 KT273518 
Eurema herla Cape River 20.999 146.427 198 7.5.2013 17.8 n - yes her1 KT273506 her1 KT273506 
Eurema herla Cape River 20.999 146.427 198 7.5.2013 17.9 n her4 KT273581 her1 KT273506 her1 KT273506 
Eurema herla Peak Range  22.671 148.015 655 8.5.2013 20.5 n her8 KT273585 her1 KT273506 her2 KT273507 
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Species Location Latitude 
(˚S) 
Longitude 
(˚E) 
Elevation 
in m 
Collection 
date 
Label ID Wolbachia Haplotype COI 
sequence 
accession 
no. 
Allele 
1 
Ef-1α 
sequence 
accession 
no. 
Allele2 Ef-1α 
sequence 
accession 
no. 
Eurema herla Peak Range  22.671 148.015 655 8.5.2013 20.6 wsp-116 her3 KT273580 her4 KT273509 her5 KT273510 
Eurema herla Peak Range  22.671 148.015 655 8.5.2013 20.7 n - yes her1 KT273506 her3 KT273508 
Eurema herla Peak Range  22.671 148.015 655 8.5.2013 20.8 n her10 KT273587 her1 KT273506 her9 KT273514 
Eurema herla Peak Range  22.671 148.015 655 8.5.2013 20.9 n - yes her3 KT273508 her2 KT273507 
Eurema herla Peak Range  22.671 148.015 655 8.5.2013 20.2 n - yes - n - n 
Eurema herla Peak Range  22.671 148.015 655 8.5.2013 20.4 n - yes - n - n 
Eurema herla Peak Range  22.671 148.015 655 8.5.2013 20.11 n - yes - n - n 
Eurema herla Peak Range  22.671 148.015 655 8.5.2013 20.12 n - yes - n - n 
Eurema brigitta Herberton 1 17.384 145.384 888 3.5.2013 5.3 wsp-10 bri3 KT273575 bri1 KT273486 bri1 KT273486 
Eurema brigitta Herberton 2 17.390 145.349 990 3.5.2013 6.2 wsp-10 bri1 KT273573 bri1 KT273486 bri5 KT273490 
Eurema brigitta Herberton 2 17.390 145.349 990 3.5.2013 6.3 y bri1 KT273573 bri6 KT273491 bri8 KT273493 
Eurema brigitta Herberton 2 17.390 145.349 990 3.5.2013 6.6 y bri2 KT273574 bri1 KT273486 bri3 KT273488 
Eurema brigitta Mt Stuart 19.344 146.782 560 6.5.2013 13.21 y bri1 KT273573 bri1 KT273486 bri2 KT273487 
Eurema brigitta Mt Stuart 19.344 146.782 560 6.5.2013 13.22 y bri1 KT273573 bri1 KT273486 bri9 KT273494 
Eurema brigitta Mt Stuart 19.344 146.782 560 6.5.2013 13.23 y bri1 KT273573 bri1 KT273486 bri1 KT273486 
Eurema brigitta Mt Stuart 19.344 146.782 560 6.5.2013 13.24 y bri1 KT273573 bri1 KT273486 bri1 KT273486 
Eurema brigitta Mt Stuart 19.344 146.782 560 6.5.2013 13.25 y bri1 KT273573 bri1 KT273486 bri4 KT273489 
Eurema brigitta Mt Stuart 19.344 146.782 560 6.5.2013 13.26 y - yes - n  n 
Eurema brigitta Mt Stuart 19.344 146.782 560 6.5.2013 13.27 y bri1 KT273573 bri10 KT273495 bri11 KT273496 
Eurema brigitta Mt Stuart 19.344 146.782 560 6.5.2013 13.28 y bri2 KT273574 bri1 KT273486 bri3 gb 
Eurema brigitta Mt Stuart 19.344 146.782 560 6.5.2013 13.29 y -  - yes  yes 
Eurema brigitta Palmer River 16.109 144.776 428 2013 B1 wsp-10 bri1 KT273573 bri6 KT273491 bri7 KT273492 
Eurema brigitta Palmer River 16.109 144.776 428 2013 B2 wsp-10 bri1 KT273573 bri1 KT273486 bri1 KT273486 
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Species Location Latitude 
(˚S) 
Longitude 
(˚E) 
Elevation 
in m 
Collection 
date 
Label ID Wolbachia Haplotype COI 
sequence 
accession 
no. 
Allele 
1 
Ef-1α 
sequence 
accession 
no. 
Allele2 Ef-1α 
sequence 
accession 
no. 
Eurema brigitta Palmer River 16.109 144.776 428 2013 B4 wsp-10 bri1 KT273573 - n  n 
Eurema brigitta Palmer River 16.109 144.776 428 2013 10.10 y bri1 KT273573 - n  n 
Eurema brigitta Timor-Leste -8.599 126.944 449 2012 K358031 wsp-10 bri1 KT273573 - n  n 
Eurema laeta Palmer River 16.109 144.776 428 2.5.2013 2.39 n lae1 KT273576 - n  n 
Eurema laeta 
Umbrawarra 
Gorge 
13.967 131.699 204 
29.07.201
3 
27.4 n lae1 KT273576 lae3 KT273523 lae4 KT273524 
Eurema laeta Palmer River 16.109 144.776 428 2.5.2013 2.42 n lae1 KT273576 lae6 KT273526 lae7 KT273527 
Eurema laeta Palmer River 16.109 144.776 428 2.5.2013 2.43 n lae1 KT273576 lae3 KT273523 lae9 KT273529 
Eurema laeta Palmer River 16.109 144.776 428 2.5.2013 2.47 wsp-10 lae1 KT273576 lae3 KT273523 lae6 KT273526 
Eurema laeta Palmer River 16.109 144.776 428 2.5.2013 2.48 n lae1 KT273576 - n  n 
Eurema laeta Palmer River 16.109 144.776 428 2.5.2013 2.49 wsp-10 lae2 KT273577 - n  n 
Eurema laeta Mount Molloy 16.661 145.312 398 2.5.2013 4.1 wsp-10 lae1 KT273576 - n  n 
Eurema laeta Mount Molloy 16.661 145.312 398 2.5.2013 4.2 n - yes - n  n 
Eurema laeta Mount Molloy 16.661 145.312 398 2.5.2013 4.4 n lae1 KT273576 - n  n 
Eurema laeta Mt Stuart 19.344 146.782 560 6.5.2013 13.55 wsp-10 lae1 KT273576 lae2 KT273522 lae8 KT273528 
Eurema laeta Mt Stuart 19.344 146.782 560 6.5.2013 13.56 wsp-10 lae1 KT273576 lae3 KT273523 lae5 KT273525 
Eurema laeta Mt Stuart 19.344 146.782 560 6.5.2013 13.57 n - yes - n  n 
Eurema laeta Mt Stuart 19.344 146.782 560 6.5.2013 13.59 wsp-10 lae1 KT273576 lae2 KT273522 lae4 KT273524 
Eurema laeta Mt Stuart 19.344 146.782 560 6.5.2013 13.61 n - yes lae1 KT273521 lae2 KT273522 
Eurema laeta Timor-Leste -8.599 126.944 449 2012 K358027 wsp-10 lae2 KT273577 - n  n 
Eurema alitha  Timor-Leste -8.599 126.944 449 2012 K358028 wsp-10 - yes - n  n 
Eurema alitha Palmer River 16.109 144.776 428 2013 A1 wsp-10 ali1 KT273567 ali1 KT273484 ali1 KT273484 
Eurema alitha Palmer River 16.109 144.776 428 2013 A2 wsp-10 ali2 KT273568 ali2 KT273485 ali2 KT273485 
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Species Location Latitude 
(˚S) 
Longitude 
(˚E) 
Elevation 
in m 
Collection 
date 
Label ID Wolbachia Haplotype COI 
sequence 
accession 
no. 
Allele 
1 
Ef-1α 
sequence 
accession 
no. 
Allele2 Ef-1α 
sequence 
accession 
no. 
Eurema alitha  Timor-Leste -8.599 126.944 449 2012 K358021 - - yes - n - n 
Eurema alitha  Timor-Leste -8.599 126.944 449 2012 K358022 - - n - n - n 
Eurema alitha  Timor-Leste -8.599 126.944 449 2012 K358023 - ali3 KT273569 - n - n 
Eurema alitha  Timor-Leste -8.599 126.944 449 2012 K358025 - - n - n - n 
Eurema alitha  Timor-Leste -8.599 126.944 449 2012 K358027 - - n - n - n 
Eurema alitha  Timor-Leste -8.599 126.944 449 2012 K358028 wsp-10 - n - n - n 
Eurema alitha  Timor-Leste -8.599 126.944 449 2012 K358030 + - yes - n - n 
 Eurema simulatrix  Tioman Island 2.785 104.162 55 2013 T2 - - KT273572 - n - n 
 Eurema 
mandarina  
Tanegashima -30.751 131.032 159 2013 TI1_31 wsp-10 man2 KT273571 man1 KT273530 man2 KT273531 
 Eurema 
mandarina  
Tanegashima -30.751 131.032 159 2013 TI63_20 wsp-10 man1 KT273570  n  n 
 Eurema 
mandarina  
Tanegashima -30.751 131.032 159 2013 TI27.29 wsp-10 man1 KT273570 man3 KT273532 man4 KT273533 
 Eurema 
mandarina  
Tanegashima -30.751 131.032 159 2013 TI61.5 wsp-10 man2 KT273571  n  n 
n = negative, y = infected 
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Table C 2 Primers used in this study. 
Locus  Primer 
Target 
genome 
Sequence (5'-3') Reference 
COI LCO1490   Mitochondria 
GGTCAACAAATCATAA
AGATATTGG  
Folmer et al. 
1994 
 HCO2198    
TAAACTTCAGGGTGAC
CAAAAAATCA  
Folmer et al. 
1994 
Ef-1α  ef44m Nuclear 
GCTGAGCGYGAGCGT
GGTATTAC 
Kim et al. 2010 
 efrcM4  
ACAGCVACKGTYTGYC
TCATRTC 
Monteiro and 
Pierce, 2001 
wsp 81F Wolbachia 
TGGTCCAATAAGTGAT
GAAGAAAC 
Zhou et al. 1998 
 691R  
AAAAATTAAACGCTAC
TCCA 
Zhou et al. 1998 
 HecFem    
TTACTCACAATTGGCT
AAAGAT  
Narita et al. 
2007 
 HecCI    
ACTAACGTCGTTTTTG
TTTAG  
Narita et al. 
2007 
 FemFor    
ACAATTGGCTAAAGAT
ACAGC  
this study 
 FemRev    
CAGTATCATCCTTATC
TGCC  
this study 
 CIFor    
CTAAACAAAAACGACG
TTAGT  
this study 
 CIRev    
TTTAGTAGCTGATACT
GCTTC  
this study 
gatB gatB_F1 Wolbachia 
GAKTTAAAYCGYGCAG
GBGTT 
Baldo et al. 
2006 
 gatB_R1  
TGGYAAYTCRGGYAAA
GATGA 
Baldo et al. 
2006 
 
gatB_Bspe
cF1 
 
TAAGAATCGCAAGAAT
TCAC 
Baldo et al. 
2006 
coxA coxA_F1 Wolbachia 
TTGGRGCRATYAACTT
TATAG 
Baldo et al. 
2006 
 coxA_R1  
CTAAAGACTTTKACRC
CAGT 
Baldo et al. 
2006 
 
coxA_Bspe
cF1 
 
ATACCCACCTYTRTCG
CAAA 
Baldo et al. 
2006 
hcpA hcpA_F1 Wolbachia 
GAAATARCAGTTGCTG
CAAA 
Baldo et al. 
2006 
 hcpA_R1  
GAAAGTYRAGCAAGYT
CTG 
Baldo et al. 
2006 
 
hcpA_Bspe
cR1 
 
TTCTTTGTCGCTMACT
TYAATCAKG 
Baldo et al. 
2006 
ftsZ ftsZ_F1 Wolbachia 
ATY ATG GAR CAT ATA 
AAR GAT AG 
Baldo et al. 
2006 
 ftsZ_R1  
TCR AGY AAT GGA TTR 
GAT AT 
Baldo et al. 
2006 
 
ftsZ_Bspec
F1 
 
AAAGATAGCCATATGC
TCTTT 
Baldo et al. 
2006 
 
ftsZ_Bspec
R1 
 
CATTGCTTTACCCATC
TCA 
Baldo et al. 
2006 
fbpA fbpA_F1 Wolbachia 
GCT GCT CCR CTT 
GGY WTG AT 
Baldo et al. 
2006 
 fbpA_R1  
CCR CCA GAR AAA 
AYY ACT ATT C 
Baldo et al. 
2006 
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Locus  Primer 
Target 
genome 
Sequence (5'-3') Reference 
 
fbpA_Bspe
cF1 
 
GTTAACCCTGATGCTT
ACGAT 
Baldo et al. 
2006 
 
fbpA_Bspe
cR1 
 
CCRCCAGARAAAAYYA
CTATTC 
Baldo et al. 
2006 
Promo
tor 
SP6   
pGEM T-
Easy Vector 
ATTTAGGTGACACTAT
AG  
 
Termi
nator 
T7   
TAATACGACTCACTAT
AGGG  
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Table C 3 PCR protocols Wolbachia. 
PCR protocol wsp MLST 
Total volume 10 μL / 20 μL 20 μL 
GoTaq Reaction 
Buffer 
1 X 1 X 
MgCl2 1.5 mM 1.5m M 
dNTP 200 μM each 200 μM each 
Primer 1 0.4 μM 1 μM 
Primer 2 0.4 μM 1 μM 
GoTaq DNA 
polymerase 
0.4U / 0.8 U 0.8_U 
DNA Template 1 μL / 2 μL 1 μL 
   
Thermal Cycling     
Denaturation 94 °C for 4 min 94 °C for 4 min 
Cycling 94 °C for 30 s, [primer-specific 
T] °C for 45 s, 72 °C for 1 min (x 
35 cycles) 
94 °C for 30 s, [primer-specific T] 
°C for 45 s, 72 °C for 1 min (x 35 
cycles) 
Final extension 72 °C for 10 min 72 °C for 10 min 
   
Primer pairs (and primer specific annealing temperature T) 
  gatB_F1 / gatB_R1 (54°C) 
 81F / 691R (55 °C) coxA_F1 / coxA_R1 (55°C) 
 HecFem / 691R (51 °C) hcpA_F1 / hcpA_R1 (53°C) 
 81F / HecCI (51 °C) ftsZ_F1 / ftsZ_R1 (52°C) 
 FemFor / FemRev (55 °C) fbpA_F1 / fbpA_R1 (58°C) 
 CIFor / CIRev (55 °C) (B‐group specific) 
  gatB_BspecF1 / gatB_R1 (60°C) 
  coxA_BspecF1 / coxA_R1 (54°C) 
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  hcpA_F1 / hcpA_BspecR1 (55°C) 
  ftsZ_BspecR1 / ftsZ_BspecR1  
(58°C) 
  fbpA_BspecF1 / fbpA_R1 (58°C) 
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Table C 4 PCR protocol bacteria, nuDNA and mtDNA genes. 
PCR protocol Ef-1α  COI 
Total volume 20 µL 10 μL / 20 μL 
5x MyTaq Red 
Reaction Buffer 
2 μL 2 μL / 4 μL 
Primer 1 0.4 µM 0.4 µM 
Primer 2 0.4 µM 0.4 µM 
BSA - 0.5 µL 
MyTaq™ Red 
DNA Polymerase 
(Bioline) 
1 U 0.5 U / 1 U 
DNA Template 1 µL 1 µL 
   
Thermal Cycling   
Denaturation 94 °C for 4 min 94 °C for 4 min 
Cycling 94 °C for 30 s, 51 °C 
for 30 s, 72 °C for 1 
min (x 35 cycles) 
94 °C for 30 s, 45 °C 
for 45 s, 72 °C for 1 
min (x 5 cycles) 
  94 °C for 30 s, 51 °C 
for 45 s, 72°C for 1 min 
(x 35 cycles) 
Final extension 72 °C for 10 min 72 °C for 10 min 
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